Physico-Chemical Studies of Intermolecular Interactions by Naqvi, Saeeda
PHYSICO - CHEMICAL STUDIES OF 
INTERMQLECULAR INTERACTIONS 
ABSTRACT 
THESIS 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
JBottot of ^j)ilo2(opf)p 
IN 
CHEMISTRY 
BY 
SA6BDA NAQVI 
r^A6A5r 
DEPARTMENT OF CHEMISTRY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
1994 
A B S T R A C T 
The d e n s i t i e s , v i s c o s i t i e s and u l t r a son i c v e l o c i t i e s of 
several compositions of [x I4aN03 + (l-x)KI^I03] + RH^ O (R = 6,10,14 
and 15) systems were s tudied a t d i f f e r e n t tempera tures . The 
data were l e a s t - s q u a r e s f i t t e d to appropria te models and the 
re levant parameters thus obtained v/ere employed for understandin(^ 
the intormolecular i n t e r a c t i o n s . The thermodynamic functions 
v i z . , free energy of a c t i v a t i o n , enthalpy and entropy of viscous 
flov; were also evaluated for ( l ) benzyl alcohol + iso-amyl 
alcohol ( I I ) benzyl alcohol + iso-propyl alcohol systems, lending 
fur ther support to the presence of in termolecular i n t e rac t ions 
in these systems. 
S imi l a r ly , an attempt vas made to p r e d i c t the energ ies of 
t r a n s i t i o n s in mixed hal ide complexes of Nickel ( I I ) ions in 
differer i t i n t r a i o n i c as v/ell as i n t e r ionic i n t e r a c t i o n s in some 
2 - 2 -
control led r eac t i ons expected to y ie ld [Nil^Cl] , [Nil2Gl2] , 
2- 2- 2 - 2- ' 2-
[NilCl^] , [NiBr^Cl] , [niBr2Cl2J , [NiBrCl3] , [l l i l^Br] , 
2- 2-
[Nil2Br2] » [n i lBr^] species out of which the presence of 
2- 2- 2 -
[Nil2Cl2] , [!-UBr2Cl2J and [Nil2Br2J types of ions have 
already been e s t a b l i s h e d . 
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GENERAL INTRODUCTION 
• 1 • 
The structural studies of liquid mixtures are based on 
ultrasonic velocity and viscosity data. The velocities of sound, 
compressibilities and viscosities are useful tools in styding the 
nature and degree of association or dissociation, complex forma-
tion and dispersion forces in liquids and liquid mixtures, 
ultrasonic parameters are being extensively used to study 
1 
the ii.olecular interactions in pure liquids , their binary and 
2-6 
ternary mixtures and the ionic interactions in single and 
7,8 
mixed salt solutions . A departure from linearity in the 
velocity versus composition behaviour in liquid mixtures is taken 
as an indication of the existence of interaction between the 
different soocies . However, a representation in terms of 
observed properties/behaviour such as the velocity of ultrasonic 
waves and the viscosity have a limited utility. On the other hand, 
9 10,11 
a number of theoretical and experimental investigations 
have sl^-.owr tnat an insight into the nature and the relative 
strengths of the various intermolecular interactions is provided 
by a representation in terms of the derived parameters, e.g., 
adiabatic compressibility (p ), Wada's constant ((3), specific 
acoustic impedence (Z), etc. 
: 2 : 
12 13 
Nomoto and Bhimsenachar e t al evaluated the ul trasonic 
v e l o c i t y in b ina ry l i q u i d mixtures by using the Nomoto's r e l a -
14 
t i o n . Van Dael and Vangeel have applied the ideal mixing 
r e l a t i o n for e v a l u a t i n g the u l t rason ic v e l o c i t i e s in l i q u i d s . 
15 
The f ree l e n g t h theory of Jacobson has been applied to evaluate 
16-21 
the u l t r a s o n i c v e l o c i t y in binary l i q u i d mixtures as wel l as 
2 2 , 2 3 
in molten s a l t m ix tu re s • 
24 
S c h a a f f ' s c o l l i s i o n fac tor theory has a l so been succe -
s s f u l l y employed to evaluate the u l t rason ic v e l o c i t y in b i n a r y 
16,19-21 22 
l i q u i d mix tu re s and in molten s a l t mixtures . 
Theoret ica l eva luat ion of sound v e l o c i t y has a l s o been 
done using the various l i q u i d s ta te t h e o r i e s for various molten 
25 ,26 27 
e l e c t r o l y t e s , t h e i r binary mixtures as wel l as for t e r n a r y 
28,29 
l i q u i d mixtures 
The u l t rason ic v e l o c i t y data have been employed to 
e v a l u a t e the thermodynamic proper t i e s including the compressi-
30 2 2 , 2 7 , 3 1 
b i l i t i e s of molten s a l t s , t h e i r binary and ternary raix-
23 22 ,32-34 
t u r e s and a l s o of aqueous s o l u t i o n s of s i n g l e and mixed 
35 
molten e l e c t r o l y t e s . 
: 3 : 
The viscosities of aqueous solutions of electrolytes 
have been studied in detail since Arrhenius began his investi-
gations of the properties of electrolyte solutions in 1880's 
and many empirical relations have been explored for single and 
36 
mixed e lec tro ly te so lut ions . Einstein in 1906, deduced an 
equation from the c las s i ca l principles of hydrodynamics of 
aqueous solut ions , which contain spherically incompressible 
uncharged p a r t i c l e s of solute which are larger in comparison 
to water molecules. 
36 
Later, Falkenhagen and Dole considered the problem of 
v i scos i ty of e lec tro lyte solutions in terms of the interionic 
i n t e r ac t ions in the adjacent layers of an e lec tro lyte solut ion. 
They proposed that the e l e c t r i c a l forces between the ions in a 
solution tend to establ ish and maintain a preferred rearrange-
ment and thus to s t i f fen the solution, i .e .* to increase i t s 
v i s c o s i t y . Falkenhagen introduced an empirical parameter, B, 
which represen ts the ion-solvent interact ion. The B coef f i -
cient i s found to be highly specif ic for the e lectrolyte and 
temperature. Negative values for this coef f ic ient are found for 
ions which exe r t a 'structure-breaking' e f f e c t on the so lu t ion , 
• 4 • 
while the coe f f i c i en t has pos i t i ve values for the ions which 
are s t rongly hyclrated, i . e . , s t ruc tu re makers. 
There are two serai empir ical theor ies for explaining 
the behaviour of l iqu id v i s c o s i t i e s . The f i r s t one i s the 
37 
absolute reac t ion ra te theory of Eyring and coworkers , which 
r e l a t e s the v i scos i ty to the free-energy needed for a molecule 
to overcome the a t t r a c t i v e force f i e ld of i t s neighbours while 
38-40 
the second one i s the free-volume theory, which r e l a t e s the 
v i s cos i t y to the p r o b a b i l i t y of occurrence of an empty neigh-
bouring s i t e in to which a molecule can jump. Macedo and 
41 
L i tov i t z suggested tha t for pure l i q u i d s , b e t t e r r e s u l t s are 
42 
obtained by combining the two t h e o r i e s . Bloomfield and Dewan 
developed the thermodynamic i n t r i n s i c v i s c o s i t y theory and 
compared i t with tha t of the continuum hydrodynamic treatment 
of the i n t r i n s i c v i s cos i t y of chain molecules. 
43 
Pandey e t al employed the s i g n i f i c a n t s t ruc ture theory 
of Hyring to ca lcu la te t h e o r e t i c a l l y the v i s c o s i t y of binary 
molten e l e c t r o l y t e s on the bas is of r i g i d sphere model. Pandey 
44 
and coworkers determined the v i s c o s i t i e s as well as the excess 
v i s c o s i t i e s of binary molten e l e c t r o l y t e mixtures and compared 
• 5 • 
these v a l u e s wi th those obtained from the F l o r y ' s s t a t i s t i c a l 
45 ,46 
theory and observed a s a t i s f a c t o r y agreement. 
7he v i s c o u s behav iour and the intermolecular i n t e r a c t i o n s 
44 
in t e r n a r y l i q u i d mix tu re s were s t ud i ed in terms of the exces s 
f r e e - e n e r g y of mixing, the s trength of i n t e r a c t i o n parameter 
and the i n t e r a c t i o n energy. Such a study provided a good means 
for the e s t i m a t i o n of i n t e r a c t i o n in ternary l i q u i d mix tu res 
q u a l i t a t i v e l y as v/ell as q u a n t i t a t i v e l y . 
47 
Pandey and coworkers e v a l u a t e d the v i s c o s i t i e s of b inary 
mix tu res of o rgan ic compounds using the t h e o r i e s of Bloomfield 
48 45 ,46 
and Dewan as well as the F l o r y ' s s t a t i s t i c a l theory 
An equation for the v i s c o u s flow of binary l i q u i d 
49 
mixtures has been deduced by Sharma and Bhatnagar taking into 
account the contributions made by configurationai partition 
function and the energy of fluctuation due to a localized order 
in the liquid state. 
Internal pressure has also been found to be a very 
important parameter in the theory of liquid state. Dunlop 
50 
et al determined the internal pressure of different liquid 
: 6 : 
mixtures and compared i t with their cohesive energy density-
va lues . The in t e r ac t ion in l iquid mixtures was predicted by 
51 
Stavely e t al by comparing the internal pressure of individual 
52 
components. Several workers attempted to evaluate the excess 
internal pressure for the l iquid mixtures and correlated i t with 
those of the intermolecular interact ions . 
Gruneisen parameter, a dimensionless constant governed 
by the molecular order and structure had been a subject of study 
53,54 55 
for so l ids , was la ter extended by Knopoff e t al for l i q u i d s . 
The o r ig ina l Gruneisen parameter i s related with the thermal 
expansion coe f f i c i en t and the speci f ic heat at constant volume. 
56 
Later , the u t i l i t y of this parameter was extended to the s t r u c -
tu ra l study of l iquids , by defining i t s Pseudo counterpart, which 
is r e l a t ed to the ve loc i ty of ultrasound in the l iquid. 
Among the various physical properties which have been 
inves t iga ted to elucidate ionic interactions in binary mixtures 
of e l e c t r o l y t e s , surface tension i s one of those which has been 
57 
t reated t h e o r e t i c a l l y . Guggenheim derived equations for the 
surface tension for ideal and regular solutions using the quas i -
• 7 • 
c r y s t a l l i n e model . The thermodynamic method of Guggenheim was 
58 
used by Heymann to t e s t the formation of complexes in c e r t a i n 
59,60 
molten s a l t s . Bertozz i and G. Sternheim ca lcu la ted the 
sur face t e n s i o n of a l k a l i n i t r a t e s and binary hal ide systems and 
ob ta ined good agreement with the exprimental r e s u l t s by i n t r o d u -
cing a pa ramete r in the d e r i v a t i o n s c a l l e d the 'Tobolsky p a r a -
meter ' , which i s a funct ion of i n t e r i o n i c d i s t a n c e s of the r e s -
61,62 
p e c t i v e pure s a l t s . Nissen and Domelen proposed t h a t an 
equa t ion based on the regular so lu t ion theory, assuming the 
q u a s i - l a t t i c e model and the random d i s t r i b u t i o n s of s p e c i e s 
both in the bulk phase and in the surface phase, can be used to 
c a l c u l a t e the surface t ens ion of binary s a l t mixtures . 
Var ious thermodynamic proper t i e s of aqueous mix tu res of 
two e l e c t r o l y t e s having a common ion were reported by Owen and 
63 64 
Cooke m 1937 at 25 C. Rush and coworkers determined the 
osmotic c o e f f i c i e n t , for various aqueous s o l u t i o n s of e l e c t r o -
l y t e s and examined the i r experimental r e s u l t s in the l i g h t of 
65 66 
e q u a t i o n s sugges ted by Scatchard . Friedman d e a l t with the 
f r e e - e n e r g i e s of mixed e l e c t r o l y t e - s o l u t i o n s and pointed out 
the e x i s t e n c e of a l i m i t i n g slope for the i n t e r a c t i o n pa ramete r s 
: 8 : 
a t i n f i n i t e d i l u t i o n . Thermodynamic p r o p e r t i e s , e . g . , en tha lpy 
67 
changes on mixing have been found to suggest the importance 
of the c a t i o n - c a t i o n pair i n t e r a c t i o n and the c a t i o n - a n i o n -
c a t i o n t r i p l e t i n t e r a c t i o n . The free-energy of mixing for 
s o l u t i o n s of e l e c t r o l y t e s having common anions has been d e t e r -
68 
mined by vv'.Y. V/en and coworkers 
69,70 
Fev/ workers have ca l cu la ted the var ious thermodynamic 
parameters of a c t i v a t i o n of v i s cous flow by leas t^squares f i t t i n g 
the d e n s i t i e s and the v i s c o s i t i e s data to empirical equations 
s t a t i n g t h e i r dependence on temperature and composition of the 
m i x t u r e s . These parameters suggest the type and strength of 
69 
i n t e r a c t i o n between the components of mixture . Palepu e t a l 
c a l c u l a t e d such thermodynamic parameters for the binary a c i d -
70 
base mix tu re s while Corradini and coworkers obtained these for 
the b ina ry mix tu re s of a l coho l s and amides. 
71 
The s t r u c t u r e of 7/ater as suggested by Samoilov and 
72 
supported by Danford and Levy is believed to be a bulky network 
structure having spaces within the framework of molecules in 
the tetrahedral coordination, these cavities are occupied by 
interstitial molecules, which interact with the framework. As 
: 9 : 
suggested by Debye, the e l e c t r o s t a t i c f i e ld of ions exe r t e l e c t -
r o s t a t i c pressure which has the same e f f ec t as t ha t of an ex t e r -
nal pressure and thus decreases the compress ib i l i ty of water 
molecules. 
45,46 F l o r y ' s s t a t i s t i c a l theory has been employed to 
evaluate the reduced and the c h a r a c t e r i s t i c thermodynamic para-
meters v/hich, in turn , can be used to ca l cu l a t e the v i s c o s i t y , 
the surface tension, the i n t e r a c t i o n parameter, the u l t r a son ic 
ve loc i ty and the excess thermodynamic p r o p e r t i e s . 
In addi t ion to an ion-ca t ion , ca t ion-an ion-ca t ion , anion-
ca t ion-anion, ion-so lvent , d ipole-d ipole e t c . in termolecular / 
i n t e r ion ic i n t e r a c t i o n s , t r a n s i t i o n metal complex ionic species 
may also have v a r i a t i o n s in t h e i r i n t e r a c t i o n s depending upon 
the type of l igands surrounding the cen t ra l metal ions, the 
composit ion/concentrat ion r a t i o of metal ion- l igand, as well as 
2 - 2-
the temperature of s tudy. For ins tance , NiCl. , NiBr. and 
2-
Ni l . are expected to have d i f f e r e n t ionic i n t e r ac t i ons in the 
three cases . S imi la r ly , if i t i s poss ible to s t a b i l i z e the 
species of mixed l igands of these complex ions in some sor t of 
2 -
a controlled reaction, then starting from Nil. one may obtain 
: 10 : 
2 - 2 - 2 - 2 - 2- 2-
Nil33r , Nil^ 3r2 , NiIBr3 , NiBr^ NiBrj CI, NiBr2 CI2 , 
2- 2- 2- 2 - 2 -
NiBrCl3 , NiCl^ , N11301 , Nil2Cl2 , NilCl^ ions . Such a 
considera t ion has prompted to undertake the const ruct ion of 
energy-level diagrams for these species using the l i gand- f i e ld 
s t rength , the sp in -o rb i t coupling and the two e l e c t r o n -
e lec t ron repuls ion parameters for solving the five Liehr-
140 
Ballhausen matrices v;hich y ie ld twenty energy s t a t e s for the 
possible in t r aconf igura t iona l t r a n s i t i o n s . 
Consequently, with a view to understanding the i n t e r -
molecu la r / in te r ion ic i n t e r a c t i o n s , the d e n s i t i e s , the v i s c o s i t i e s 
and the u l t r a son i c v e l o c i t i e s were measured for several composi-
t ions of systems under i nves t iga t ion : [xNaNOo + ( l -x ) KNO3] + 
RH2O (where R = 6 , 10, 14 or 15) a t d i f f e r e n t temperatures. 
In addi t ion , the energies of poss ible t r a n s i t i o n s for the mixed 
l igand-n icke l ( I I ) ions have also been computed. 
EXPERIMENTAL 
: 11 : 
NVkTERIALS; 
R e c r y s t a l l i z e d sodium and po ta s s ium n i t r a t e s and double 
d i s t i l l e d water were used in p r e p a r i n g b ina ry mix tu re s of these 
s a l t s in aqueous medium whi le pure and d i s t i l l e d t o l u e n e and 
q u i n o l i n e were used t o c a l i b r a t e the pyknometer and the v i s c o -
m e t e r . The u l t r a s o n i c i n t e r f e r o m e t e r was c a l i b r a t e d us ing 
t r i p l y d i s t i l l e d w a t e r . 
TE/.'PERATURE CONTROL: 
A the rmos t a t ed p a r a f f i n ba th was used to ma in t a in a 
uniform tempera ture d u r i n g the measurements of d e n s i t y and 
v i s c o s i t y . The p a r a f f i n ba th of about 10 l i t r e s ' c a p a c i t y 
c o n s i s t e d of an immersion h e a t e r ( l . O KW), a s t i r r e r , a check 
thermometer , a c o n t a c t thermometer and a r e l a y [Jumo type 
NT 1 5 . 0 , 220 Vc^l5 (Germany) ] . Thermal s t a b i l i t y was found 
to be w i t h i n + 0 . 1 ° . 
73 
PURIFICATION OF TOLUENE : 
Commercial t o luene c o n t a i n s methyl t h i o p h e n e , b . p . l l 2 - l l 3 ° C , 
which can not be removed by d i s t i l l a t i o n . Toluene was p u r i f i e d 
: 12 
by shaking repeatedly with about 15 percent of its volume of 
concentrated sulphuric acid in a stoppered separating funnel 
until the acid layer becomes colourless or pale yellow on 
standing or until the thiophene test is negative. After each 
shaking lasting a few minutes, the mixture was allowed to 
settle and the lower layer of acid was drawn off. The toluene 
v;as then shaked twice with water in order to remove most of 
the acid, once with 10 per cent sodium carbonate solution, 
again with water and finally dried with anhydrous calcium 
chloride. After filteration the toluene was distilled through 
an efficient column and the fraction, b.p. 80-81°C, was 
collected. Sodium wire was introduced into the distilled 
toluene. 
73 
PURIFICATION OF QUINOLINE : 
Quinol ine was d i s t i l l e d under reduced pressure , 
b . p . 118-120°C/2D mm. 
SAIAPLE PREPARATION; 
R e c r y s t a l l i z e d sodium and potassium n i t r a t e s and t r i p l e 
d i s t i l l e d water were used for the sample preparat ion . All the 
: 13 : 
solutions were prepared by weight (molal so lu t ions ) . 
Concentration of solution i s given in terms of R, which 
is equal to water/sal t ra t io . This concentration unit was 
f i r s t introduced by Angell and Gruen and i s useful for the 
composition region in which there are insuff ic ient water 
molecules to f i l l more than one or two hydration she l l s per 
cation or anion. 
DENSITY MEASUREMENT; 
74 ,75 
Pyknometer i s a f l a t bottom flask of nearly 7 ml 
capaci ty , f i t t e d with a stem which i s graduated in 0.01 ml 
d i v i s i o n s . The pyknometer was calibrated with purified toluene 
used as a reference l iqu id . The pyknometer was weighed and 
f i l l e d with pure and d i s t i l l e d toluene and again weighed. The 
weight of toluene taken was determined by the difference in 
these two weights. The pyknometer was immersed in the paraffin 
bath maintained at the required temperature, and volume changes 
were recorded as a function of tempera' jre, and thus each mark 
of the stem was cal ibrated. The density of toluene at different 
temperatures required for cal ibrat ion was given by the standard 
equat ion. 
: 14 : 
-3 -6 2 
/ == 0.88412 - 0.92248 x 10 t + 0.0152 x 10 t -
-9 3 
4.223 X 10 t . 
where t i s the t empe ra tu r e in C. The r a t i o of the amount 
of t o luene to the above c a l c u l a t e d d e n s i t i e s a t d i f f e r e n t 
t empera tu re s gave the volume of pyknometer a t the co r re spond ing 
marks on t h e s tem. R e p r o d u c i b i l i t y of c a l i b r a t i o n was checked 
by r e p e a t i n g the above procedure wi th d i f f e r e n t we igh t s of 
t o l u e n e . Using the known volume of c a l i b r a t e d pyknometer a t 
each mark and mass of t o l u e n e , the d e n s i t i e s a t the r e q u i r e d 
t empera ture were c a l c u l a t e d . The e x p e r i m e n t a l d e n s i t i e s thus 
ob t a ined were found to be w i t h i n + 0.01;^ a c c u r a c y . 
The t e s t s o l u t i o n was i n t r o d u c e d i n t o the c a l i b r a t e d 
pyknometer, weighed and then i t was immersed in the p a r a f f i n 
b a t h . By r e c o r d i n g the volume changes as a f u n c t i o n of tempe-
r a t u r e , the d e n s i t i e s were de te rmined a t r e q u i r e d t e m p e r a t u r e s . 
VISCOSITY MSASUREK^NT! 
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Cannon-Ubbelohde v i s c o m e t e r was used f o r the v i s c o s i t y 
measurement of aqueous s o l u t i o n s of sol ium and po tass ium 
n i t r a t e s . 
: 15 : 
The viscometer consists of three parallel arms, viz., 
receiving, measuring and auxiliary, for forming the suspended 
level arrangement in a triangular fashion. The receiving arm 
forms a 'U* with the measuring arm through a bulb D. The 
measuring arm has two bulbs A and B. The two fudicial 
marks a and b were used on the two sides of the bulb B for 
recording the time of fall of the test solution. The auxiliary 
arm was sealed to the receiving arm through a bulb C. In 
between the bulbs B and C there lies a capillary of appropriate 
dimensions. It has been designed in such a way that the centre 
of gravity of the three bulbs A,B and C was aligned vertically 
to reduce the acceleration due to gravity, so that the experime-
ntal errors could be minimized. 
Special feature of the suspended level viscometer was 
that the capillary effects of the two liquid surfaces were 
neutralized by each other so that the surface tension correction 
for the apparatus was negligible and the transport of momentum 
was carried out freely under the weight of the total volume 
of the test liquid. 
: 1 6 s 
The c a l i b r a t i o n of viscometer was done by using the 
d i s t i l l e d to luene . The viscometer was then f i l l e d with the 
t e s t l i qu id whose amount should be su f f i c i en t to avoid any 
a i r bubble being introduced in to the c a p i l l a r y arm while 
fud ic i a l bulb was f i l l e d . The open ends of the three arms of 
viscometer were f i t t e d with the calcium chlor ide tubes through 
the rubber tubes to avoid the absorption of mois ture . The 
viscometer was clamped in the v e r t i c a l pos i t ion in the thermo-
s ta ted paraff in bath for about half an hour before recording 
the time of f a l l , so t h a t the thermal f luc tua t ion in the v isco-
meter was minimized. Then the sample was sucked in to the bulb 
A with thie vacuum pump and was allowed to stand there for about 
15 minutes by c los ing the calcium chlor ide tubes with the rubber 
corks . The corks were then removed from the tubes and the time 
of f a l l of the sample from the upper fud ic i a l mark ' a ' to the 
lower mark ' b ' was recorded several tiroes and the mean of very 
close readings was determined a t each recfuired temperature. 
The time of f a l l of l iqu id was measure^' v/ith a stop watch 
(accuracy: 0 .1 second). P o i s e u i l l e » s equation was employed to 
ca l cu la t e the v i s c o s i t i e s using the dens i ty and the time of f a l l , 
n = / p t 
: 17 : 
in which p i s a constant and has been c a l c u l a t e d by making 
77 
use of the r e p o r t e d va lues of v i s c o s i t i e s of toluene at 
s e v e r a l t e r t p e r a t u r e s . The accuracy of the c a l i b r a t e d v i scomete r 
was checked by measuring the v i s c o s i t i e s of toluene a t t e s t 
t e m p e r a t u r e s and then comparing the experimental va lues with 
77 
the r e p o r t e d ones . Reproduc ib i l i ty was found to be within 
MEASUREMENT OF ULTRASONIC VELOCITY: 
WORKING PRINCIPLE; 
A multifrequency u l t r a s o n i c interferometer (Mi t ta l* s 
M-83) was used to determine the u l t r a s o n i c v e l o c i t y in the 
t e s t s o l u t i o n s . 
The u l t r a s o n i c waves of known frequency (V = 4 MHz) are 
produced by a quartz p l a t e f i xed a t the bottom of the c e l l . 
These waves were r e f l e c t e d by a movable m e t a l l i c p l a t e kept 
p a r a l l e l to the quartz p l a t e . I f the separat ion between these 
two p l a t e s i s e x a c t l y a whole mul t ip le of the sound wave- leng th , 
s t a n d i n g waves are formed in the medium. This acous t i c resonance 
g i v e s r i s e to an e l e c t r i c a l r e a c t i o n to the generator d r i v i n g 
: 18 : 
the quartz plate and the anode current of the generator becomes 
maximum. 
If the distance is now increased or decreased and the 
variation is exactly one half wavelength (A/2) or multiple of 
it, the anode current becomes maximum. Knowing the value of 
wavelength, the ultrasonic velocity can be obtained from the 
equation 
u = Axi; 
DESCRIPTION: 
The ultrasonic interferometer consis ts of two parts, 
(1) high frequency generator and (2) the measuring ce l l * 
(1) HIGH FREQUENCY GENERATORt 
I t i s designed to ex t i t e the quartz plate fixed at the 
bottom of the measuring ce l l at i t s resonant frequency to 
generate ultrasonic waves in the experimental l iquid f i l l e d in 
the measuring c e l l . A micrometer which observes the change in 
cur ren t and two controls for the purpose of s e n s i t i v i t y regula-
t ion and i n i t i a l adjustment of micrometer are provided on the 
panel of the high frequency genera to r . 
: 19 : 
(2) MEASURING CELL; 
It is a double walled cell, which maintains the tempe-
rature of the test solution at a constant value during the 
experiment* A fine micrometer screw is provided at the top, 
which is used to raise or lower the reflector plate in the 
liquid in cell through a known distance. A quartz plate is 
fixed at the bottom of this cell. 
ADJUSTMENT OF ULTRASONIC INTERFEROMETER: 
Adjustment of the instrument is done in the following 
manner. 
(1) The c e l l was inser ted in the squai- base socket and was 
clamped there with the help of a screw provided on one side 
(2) The cap of the c e l l was unscrewed and removed from the 
c e l l , the t e s t l i qu id was poured in to the c e l l , and the 
cap was again screwed on i t . 
(3) Water was c i r cu l a t ed through the two tubes in the double 
walled c e l l to maintain the des i red temperature of the 
t e s t l i q u i d . 
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(4) The c e l l was, then connected with the high frequency 
generator by a co-axia l cable provided with the instrument. 
The two knobs are provided on a high frequency generator 
for the i n i t i a l adjustment, one i s marked with 'Adj ' and the 
other with 'Gain' . The pos i t ion of needle on the ammeter i s 
adjusted with the knob marked 'Adj ' and the knob marked 'Gain' 
i s used to increase the s e n s i t i v i t y of the instrument for 
g r ea t e r d e f l e c t i o n . The ammeter was used to record the maximum 
def l ec t ions by adjus t ing the micrometer. 
MEASURBAENTS; 
The measuring c e l l was connected to the output terminal 
of high frequency generator through a co-axia l cab le . The ce l l 
was f i l l e d with the t e s t l i qu id before switching on the genera-
t o r . The u l t r a s o n i c waves of 4 MHz frequency produced by a 
gold plated quartz c r y s t a l fixed a t the bottom of a c e l l are 
passed through the medium and are r e f l ec t ed by a movable p la te 
and the standing waves are formed in the l i qu id in between the 
r e f l e c t o r p la te and the quartz c r y s t a l . Acoustic resonance due 
to these standing waves gives r i s e to an e l e c t r i c a l reac t ion to 
the generator dr iv ing the quartz p l a t e and the anode current of 
: 21 : 
the generator becomes maximum. The micrometer screw was ra ised 
slowly to record the maximum anode c u r r e n t . The wavelength was 
determined with the help of t o t a l d i s tance moved by the micro-
meter for twenty maxima of anode c u r r e n t . The t o t a l dis tance 
(d) t r ave l l ed by the micrometer gives the value of wavelength 
with the help of the r e l a t i o n , d = n x A / 2 , where n i s the 
number of maxima in anode c u r r e n t . Once, the wavelength i s 
known, u l t r a son ic v e l o c i t y can be ca lcu la ted as described 
e a r l i e r . The accuracy in ve loc i ty measurement was found to be 
within +0.20/ . 
PART - I 
CHAPTER-I 
ULTRASONIC VELOCITIES AND IONIC INTERACTIONS IN MIXTURES 
OF SOD .CUM AND POTASSIUM NITRATES IN AQUEOUS MEDIUM 
: 22 : 
INTRODUCTION 
Theoret ical eva luat ion of u l t r a s o n i c v e l o c i t y of molten 
25,26 27 28 ,29 
e l ? c t r o l y t e s , t h e i r mixtures and for organic mixtures has 
been c a r r i e d out by many workers. Measurement of u l t rason ic 
v e l o c i t i e s has been made by many i n v e s t i g a t o r s using organic 
81,82 28 ,78-80 
l i q u i d s and t h e i r mixtures as wel l 3 aqueous s o l u t i o n s of 
1 4 , 3 2 , 3 3 
s e v e r a l e l e c t r o l y t e s . Such data are employed to eva lua t e 
83-85 
the thermodynamic proper t i e s of pure l i q u i d s , l i q u i d 
16,86-89 12 ,13 27 
mix tu res , molten e l e c t r o l y t e s and t h e i r mixtures . 
The importance of u l t rason ic v e l o c i t y data l i e s in the 
f a c t t h a t e i t h e r i t d i r e c t l y or through i t s derived parameters, 
such as a d i a b a t i c c o m p r e s s i b i l i t y (p ) , molar u l t r a s o n i c 
v e l o c i t y (R ) , s p e c i f i c acoust ic impedence ( Z ) , and Wada's 
c o n s t a n t (3) provide a bas i s for understanding the type and 
the ex tent of intermolecular i n t e r a c t i o n s such as weak or 
strong or no i n t e r a c t i o n at a l l , an^ i may throw some l i g h t 
q u a l i t a t i v e l y on the mechanism of intermolecular p r o c e s s e s . 
Consequently, several workers have a lso evaluated the 
, . - , . . 12 
u l t r a s o n i c v e l o c i t i e s t h e o r e t i c a l l y using the Nomoto r e l a t i o n , 
23 : 
14 
the ideal mixing r e l a t i o n of Van Dael and Vangeel, the c o l l i -
24 
s ion factor theory of Schaaffs , the f r e e - l e n g t h theory of 
15 45 ,46 28 
Jacobson , the Flory s t a t i s t i c a l theory and other equations 
25 ,26 27 
for n o l t e n e l e c t r o l y t e s and the i r mixtures as wel l as for 
28,29 22 ,31 
organ ic sys tems, but few attempts have been made to deter -
mine the u l t r a s o n i c v e l o c i t y in aqueous s o l u t i o n s of e l e c t r o -
l y t e s and t h e i r mixtures . 
In add i t ion , the behaviour of u l t rason ic v e l o c i t y in a 
s o l u t i o n i s known to depend on temperature as wel l as on the 
c o n p o s i t i o n of s o l u t i o n . Even though aqueous s o l u t i o n s of 
e l e c t r o l y t e s g e n e r a l l y show an increase in the value of u l t r a -
sonic v e l o c i t y with increase in s o l u t e concentrat ion , a l e s s 
common t rend of decrease [ i n the value of u l t r a s o n i c v e l o c i t y 
•••ith i nc rease in so lute concentrat ion] has a l s o been recorded 
in c e r t a i n aqueous s o l u t i o n s of e l e c t r o l y t e s having heavy 
90,91 
m e t a l l i c r a d i c a l s . The l a t e r trend i s s i m i l a r to that 
observed in r e s p e c t of adiabat ic c o m p r e s s i b i l i t y . 
Such a trend of v a r i a t i o n in some of these propert i e s 
of aqueous s o l u t i o n s of e l e c t r o l y t e s may seem to stem from the 
p e c u l i a r s t r u c t u r e of water. For example, one of the abnormal 
: 24 : 
p r o p e r t i e s of water i s the v a r i a t i o n of i t s u l t r a s o n i c v e l o c i t y 
wi th t e m p e r a t u r e . The propagation v e l o c i t y of ultrasound in 
normal l i q u i d s has been found to f a l l o f f with increase in 
t e m p e r a t u r e , whi le in the case of w a t e r , i t a t t a i n s a maximum 
value of 1557 ms" at 74*^ 0 and then decreases with further 
i n c r e a s e in t e m p e r a t u r e . Fu r the rmore , the a d i a b a t i c compre-
s s i b i l i t y of water shows a minimum at 64 C, re in forc ing the 
view t h a t such unusual trends in the behaviour of t h e s e p rope r -
t i e s seem to have been caused by the pecu l iar l i q u i d s t r u c t u r e 
o f w a te r . 
Jep3nding upon the type of i n t e r a c t i o n among the 
s o l u t e ions and w a t e r , the u l t r a s o n i c v e l o c i t y v a r i e s with 
c o n c e n t r a t i o n and temperature. 
In the present work, attempt has been made to obtain 
the v a r i o u s de r ived parameters using the u l t r a s o n i c v e l o c i t y 
recorded in aqueous s o l u t i o n s of mixed e l e c t r o l y t e s : 
[x Ua'AQ^ + (1-x) KNO3] •*" ^ ^2° ' The u l t r a s o n i c v e l o c i t i e s 
have a l s o been evaluated t h e o r e t i c a l l y using the Nomoto equa-
t i o n and the e q u a t i o n of Van Dael and Vangeel to examine t h e i r 
s u i t a o i l i t y in the case of the systems under i n v e s t i g a t i o n . 
: 25 : 
THEORETICAL 
The following relations are employed to evaluate the 
14,92,93 
derived parameters : 
- 2 - 1 , , 
P3 = u / (1.1) 
* 2/3 2/3 
H = wu // = Vu (1-2) 
Z = u /> (1.3) 
-1/7 
3 = V a (1'4) 
^ s 
p"^  = p^ - (x ps^ + (1-x) PS2] (1-5) 
where u denotes the ultrasonic velocity, / the density, 
!.', the molecular weight, V the molar volume of ternary 
solution, Z the specific acoustic impedence, B the Wada's 
E 
constant and p the excess adiabatic compressibility of 
mixtures while x is the mole fraction of NaNO-j, and (1-x) 
is that of r^O^ • p s, and ps2 are the adiabatic compre-
ssibilities of aqueous solutions of sodium and potassium 
nitrates, respectively, while ps stands for the aqueous 
solution of their mixture. 
: 26 : 
* 
The molar sound v e l o c i t y , R , i s given by the 
follov/Lng equa t i on by Nomoto, 
* * 
R* = X Rj_ + (1-x) R^ (1 '6) 
where R is considered as the linear function of molar 
concontrations of the two components, where x and (1-x) are the 
mole fractions of NaNO- and KNO-,, respectively, as already 
statea above . 
R may also be expressed as 
1/3 
Mu 1/3 
R = = V u » \l.l) 
"ne molar volume being addi t ive in nature i s expressed as 
V = X Vj_ + (1-x) V2. (1 .8 ) 
Cn s u b s t i t u t i n g the va lues of R and V in eq . ( 1 . 7 ) , 
we ge t , 
* 3 x R* + ( l -x )R2 3 
U = ( f ) = ( . _ ) . (1.9) 
X V^ + ( l -x )V2 
27 
These e q u a t i o n s are found to be quite s a t i s f a c t o r y when 
appl iod to molecu la r l i q u i d s . Higgs and L i t o v i t z and 
92 
iubramanyam and Bhimsenachar proposed an express ion for the 
molar sound v e l o c i t y in molten s a l t s , 
2 /3 
^ Mu 2 / 3 
R = = V U . (1 .10) 
Eq. (1 .10) has a lso been applied to binary mixtures of molten 
s a l t s in the fo l lowing form, 
3/2 xR* + (1-x) R* 3/2 
u = (^) = ( ; ^ ) . ( i . n : 
^ X V^+ (1-x) V2 
Another equation for the evaluation of ultrasonic velocity in 
mixtures as suggested by Van Dael and Vangeel is given as 
1 1 X (1-x) 
T7~~\ "^  ^ "'" T" (1-i^. 
x/.l^  + (l-x)M2 u ( im) M^ u^ ^ U^ ^2 
where h,\^ and M2 are the molecular weights of the two 
components while U( im) stands for the ultrasonic velocity 
for ideal mixing in solutions. 
: 28 : 
5q. (1.12) for the ultrasonic velocity is derived from 
the aefinition of adiabatic compressibility, p , proposed by 
Van Dael and Vangeel for a binary mixture as, 
Y, ^2 
p (im) = 0, — ~ Psl •" S :T~r" Ps2 ^1-13) 
where 0 and y r e f e r , r e s p e c t i v e l y , to the volume f rac t ion 
and the pr inc ipa l s p e c i f i c heat r a t i o and im r e f e r s to the i d ea l 
mixing. Eq. (1 .13) i s appl icable to ideal mixtures , if i t 
s a t i s f i e s the condi t ion YI ~ YO = Y( ini) , then i t takes on the 
form, 
Pg(im) = 0^ pgjL + ©2 ^32- (1 .14) 
Eq. (1 .14) can be s impl i f i ed further and 8 can be expressed 
as a l i n e a r combination of mole f r a c t i o n s assuming that V, = 7^ , 
i3g(im) = X pgj_ + ( l - x ) P g 2 ' (1 .15) 
J a c o b s o n ' s f r e e - l e n g t h theory, o r i g i n a l l y designed to explain 
the beiiaviour of molecular l i q u i d s having weak intermolecular 
22 
f o r c e s , f a i l s to account for the behaviour of ion ic l i q u i d s 
According to t h i s theory. 
: 29 : 
u 
L f (ni i X ) P 
T72 ( 1 . 1 6 ) 
wiicro k i s a t t ' i i ipe r - i tu ic d e p e n d e n t prararneter and Lr- i'^ > t tv 
i n t o r n i o l e c u l a r f r o o - l o n q l h , dof inoci , ) s , 
L f ( i i i i x ) X Yi -i ( 1 - x ) Yp 
( 1 . 1 7 ) 
where '0' refers to the solvent and y, to the surface area 
per mole. 
94 
Accordinq to y\ucrbach , the surface tension, a, i-
evaluated usinq the experimental values of the ultrasonic 
V elocity, u, and the density of Lhe liquid, J^ , as follows 
u = ( a 
2/3 
-4 
6.3 X 10 J^ 
) (1.18) 
30 : 
RESULTS AND DISCUSSION 
A computer program in pascal language has been used 
(g iven in the appendix) to c a l c u l a t e the var ious parameters 
using the d e n s i t y , the v i s c o s i t y and the u l t r a s o n i c v e l o c i t y 
d a t a . 
The d e n s i t y data of aqueous s o l u t i o n s of e l e c t r o l y t e s , 
[x NarJ03 + (1 -x ) KNO3] + RH2O (where R = 6 , 10 , 14 or 15) 
have been l e a s t - s q u a r e s f i t t e d to a l i n e a r equation of the form, 
/ = a - bT, where f i s the dens i ty at temperature T, while 
a and b are the constants (Table 1 . 1 . ) , 
The measured va lues of u l t rason ic v e l o c i t i e s are l i s t e d 
in Table 1.2 at several temperatures (313 .15 K to 328.15 K) for 
each of the composit ions s t u d i e d . The va lues of u are found 
to decrease l i n e a r l y with increase in temperature, and are a l so 
a f fec ted by change in concentra t ion . The v a r i a t i o n in the va lue s 
of u with X at d i f f e r e n t temperatures i s shown in F i g . 1 . 1 . 
The va lue s of u l t rason ic v e l o c i t i e s computed using Nomoto's equ-
a t i o n in good agreement with those obtained exper imenta l ly . 
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TABLE 1 . 1 : BEST FIT PARAJAETERS OF THE DENSITY EQUATION, 
/ = a-bT FOR [x NaNOg + (l-x)KN03] + RH2O 
SYSTEMS (where R = 6, 10 , 14 or 1 5 ) . 
a/gm.cm 
- 3 
b X 10 / 
- 3 ^ - 1 
gm.cm .K 
- ( C o r r . Coeff . ) 
R = 6 
0 . 0 
0 . 6 
0 . 7 
0 . 8 
0 . 9 
1.0 
1.5188 
1.6012 
1.6660 
1.7003 
1.5747 
1.5997 
6.2390 
7.6460 
7.9671 
8.3080 
7.3891 
7.9080 
1.0000 
1.0000 
1.0000 
0.9999 
0.9999 
1.0000 
R = 10 
0 . 0 
0 .4 
0 . 5 
0 . 7 
1.0 
1.4038 
1.4617 
1.4616 
1.2806 
1.4231 
6.4936 
6.9277 
6.9620 
7.1565 
7.2199 
0.9999 
1.0000 
1.0000 
0.9998 
0.9999 
C o n t d . . . 
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TT 
a/g.cm 
g»cm"' . K " 
- ( co r r . coe f f . ) 
R = 14 
0 . 0 
0 . 3 
0 . 6 
1.0 
1.3403 
1.3893 
1.3652 
1.3357 
5.9552 
6.4302 
6.2650 
6.5430 
1.0000 
0.9998 
1.0000 
0.9998 
R = 15 
0 . 0 
0 . 4 
0 .6 
1.0 
1.3737 
l .g757 
1.3175 
1.4384 
6.2140 
6.4190 
6.1470 
7.0210 
0.9999 
0.9998 
1.0000 
1.0000 
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The a d i a b a t i c c o m p r e s s i b i l i t y , ps (Table 1.3) ob ta ined 
from the u l t rason ic v e l o c i t y and the d e n s i t y of s o l u t i o n s i s 
use fu l for the purpose of studying the s tructura l changes of 
l i q u i d water induced by the so lu te molecules . The structure 
of v;ater proposed by Samoilov and supported by Danford and 
Levy c o n s i s t s of a network in which each molecule i s t e t r a -
h e d r a l l y co -ord inated . Such a s tructure i s quite bulky, and 
has spaces wi thin the framework of molecules , which are qu i t e 
l a r g e and can accommodate addi t iona l water molecules which 
i n t e r a c t wi th the framewotk. 
r'<ater i s regarded as an equi l ibr ium mixture of two 
s t r u c t u r e s , an i c e - l i k e s tructure and a close~packed s truc -
35 
t u r e . As temperature i n c r e a s e s , the c l u s t e r part of water 
d e c r e a s e s , r e s u l t i n g in a decrease in the s t ruc tura l compre-
s s i b i l i t y , at the same time, the molecular d i s tance increases 
with tempera ture r i s e due to increase in thermal motion, which 
causes i nc r ea se in c o m p r e s s i b i l i t y due to compression of the 
f ree spaces between the non-assoc iated .vater molecules . These 
o p p o s i t e e f f e c t s lead to a minimum of c o m p r e s s i b i l i t y at 64°C 
and the sound v e l o c i t y maximum at 74°C. 
: 34 ! 
TBALE 1.2: EXPERB,^ ENTAL AND THEORETICAL ULTRASONIC VELOCITIES, 
u ( m / s ) , AS FUNCTIONS OF CO\^OSITION AND TEMPERATURE 
FOR THE SYSTEA :^ [x NaN03 + (l-x)KN03] + RH2O (where 
R = 6 , 1 0 , 1 4 or 1 5 ) . 
T( K) 
X 
0.0 
0.6 
0.7 
0.8 
0.9 
l.C 
313.15 
1719.0 
1755.6 
(1753.8) 
(1843.5)"*' 
1758.2 
(1756.5) 
(2069.9)^ 
1764>6 
(1763.3) 
(2168.2)"^ 
1774.8 
1773.1 
(2180.0)"^ 
1780.D 
318.15 
R = 6 
1716.6 
1752.2 
(1751«0) 
(1840.1)"^ 
1756.0 
(1754.6) 
(2066.1)'*' 
1758.6 
(1756.5) 
(2164.1)"^ 
1770.0 
1768.2 
(2174.6)^ 
1777.3 
323.15 
1714.2 
1749.6 
(1747.0) 
(1835.4) •*' 
1753.4 
(1751.3) 
(2060.8)"*' 
1754,8 
(1752.0) 
(2158.2)"^ 
1766.0 
1764.5 
(2170.5)'*' 
1774.0 
328.15 
1711.8 
1746.2 
(1741.1) 
(1828.8)'*' 
1750.6 
(1748.0) 
(2053.2)"^ 
1751.6 
(1750.1) 
(2149.4)^ 
1761.6 
1760.0 
(2166.3)"^ 
1772.5 
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T(K) 
X 
3X3.15 3 1 8 . 1 5 3 2 3 . 1 5 3 2 8 . 1 5 
R = 10 
0 . 0 
0 . 4 
C .5 
0 . 7 
1.0 
1 6 4 9 . 4 
1 6 7 2 . 0 
( 1 6 7 0 . 0 ) 
(1866.3)"*" 
1 6 7 6 . 6 
( 1 6 7 2 , 9 ) 
( 1 8 6 7 . 2 ) ' ^ 
1 6 9 3 . 2 
( 1 6 8 9 . 3 ) 
( 1 8 8 0 . 3 ) •*• 
1 7 1 0 . 5 
1 6 4 5 . 2 
1 6 7 1 . 2 
( 1 6 6 8 . 8 ) 
(1863.6)"*" 
1 6 7 5 . 8 
( 1 6 7 1 . 2 ) 
(1866.5)"*" 
1 6 8 9 . 2 
( 1 6 8 5 . 5 ) 
(1878.5)"*" 
1 7 0 7 . 3 
1 6 4 3 . 0 
1 6 7 0 . 2 
( 1 6 6 8 . 5 ) 
(3 862.2)"*" 
1 6 7 4 . 8 
( 1 6 7 0 . 3 ) 
(1866 .0 ) "^ 
1 6 8 6 . 4 
( 1 6 8 3 . 6 ) 
( 1 8 7 7 . 2 ) •*" 
1 7 0 5 . 0 
Cor 
1641 .0 
1 6 6 8 . 2 
( 1 6 6 5 . 1 ) 
(1860 .6 )"^ 
1673 .0 
( 1 6 7 0 . 0 ) 
(1865.3)"*" 
1685 .0 
( 1 6 8 0 . 5 ) 
( 1 8 7 5 . 7 ) ^ 
1 7 0 2 . 0 
1 t d . , . . 
: 36 : 
T(K) 
X 
313.15 318.15 323.15 328.15 
0.0 
0.3 
0 .6 
1.0 
1621.6 
.1634.0 
(1631.7) 
(1808.1)'^ 
1644.8 
(1641.9) 
(1769.2)'^ 
1658.0 
R = 14 
1619.8 
1633.6 
(1630.5) 
(1803.7)'*' 
1644.0 
(1642.3) 
(1768.1)''' 
1656.0 
1618.0 1616.2 
1632.4 1631.6 
(1630.3) (1630.9) 
(1800.2)"^ (1798.3)"^ 
1643.1 1642.2 
a 6 4 0 . 4 ) (1641.8) 
(1767.0)**' (1766.2)"^ 
1654.8 1654.0 
0 .0 
0 .4 
0 .6 
l .C 
1 6 1 9 . 8 
1 6 3 5 . 2 
( 1 6 3 1 . 1 ) 
(1713.8)"*" 
1 6 4 0 . 6 
( 1 6 3 7 . 8 ) 
(1739 .9 ) •*• 
1 6 5 5 . 0 
R = 15 
1 6 1 8 . 0 
1 6 3 4 . 2 
( 1 6 2 9 . 6 ) 
(1710 .7 ) "^ 
1 6 3 9 . 4 
( 1 6 3 5 . 1 ) 
(1736.8)"*" 
1 6 5 4 . 2 
1 6 1 6 . 8 
1 6 3 2 . 2 
( 1 6 2 9 . 0 ) 
1 6 3 8 . 2 
( 1 6 3 4 . 2 ) 
1 6 1 5 . 0 
1 6 3 0 . 2 
( 1 6 2 8 . 2 ) 
(1708.2)"*" (1700.5)"*' 
1 6 3 7 . 3 
( 1 6 3 4 . 0 ) 
(1733.0)" ' " (1731 .3) '* ' 
1 6 5 3 . 0 1 6 5 1 . 0 
VALUES CF u EVALUATED USIi^G NOMOTO'S EQUATION ARE GIVEN IINI 
PARENTFE.SES Al^ D THOSE EVALUATED BY VAI-J DAEL EQUATION ARE GIVEN 
IN PARENTHESES fAARKED WITH + . 
: 37 t 
0 0 0-2 OA 0-6 0-8 10 
X, mole fraction of NaN03 
Fig. 1.1: Plots of u of [x NaNO^ + (l-x)KN03] + ?.H.^0 
(R = 6, 10 and 14) versus mole fraction of 
NaNO 2 at different temperatures. 
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Results indicate a lowering of compressibility in 
aqueous solutions of electrolytes below that of pure water. 
This decrease is attributed to two effects (l) introduction 
of incompressible ions causes decrease in the compressibility 
and (2) structure of water changes when ions are added. 
£ach alkali metal ion in water shows either of these 
tv.'o effects, o ince NO^ ion is common to both the electrolytes 
in the systems under investigation, the relative effects of 
cations may thus be studied. 
An ion when added to water, affects the thermal motion 
of v.ater molecules around it. The Na ion is found to be a 
33 
weak structure making ion i.e. no disordered water molecules 
exist outside the reoriented water molecules around the Na"^  
ion. According to Samiolov, the value o f ^ / " ^ for the 
lla' ion is 1.3 at room temperature, where ^ . and TT are 
the mean residence times of a water molecule in the immediate 
vicinity of the ion in the aqueous solution and in the immediate 
neiyhbourhood of a water molecule in pure state, respectively. 
The structure of water around the Na"^  ion is very much similar 
to that of the pure water because the coordination number of 
: 39 : 
11 2 "^ 
TABLd 1.3; ADIABATIC COMPRESSIBILITIES P s ( l 0 Cm dyne ) 
AS FUNCTIONS OF TEA^ PERATURE FOR SOK^  COMPOSITIONS 
OF THE SYSTEMS: [x NaN03 + ( l - x ) KNO3) + RH2O 
(where R = 6 ,10 ,14 or 15) 
T ( K ) 
X 
0 . 0 
0 . 6 
0 . 7 
f, Q 
0 . 9 
1.0 
313.15 
2 .55 
2.38 
(2 .41) 
2 .33 
(2 .38) 
2.29 
(2 .35) 
2 .26 
(2.X^) 
2 .24 
318.15 
R = 6 
2.57 
2.39 
(2 .43 ) 
2.35 
(2 .39) 
2 .31 
(2 .37 ) 
2 .28 
(2 .31) 
2 .26 
323.15 
2 .58 
2 .41 
(2 .44) 
2 .37 
(2 .40) 
2 .32 
(2 .38 ) 
2 .29 
(2 .33 ) 
2 .27 
Contd 
328.15 
2.59 
2 .43 
(2 .46) 
2.38 
(2 .42) 
2.34 
(2 .39) 
2 .31 
(2 .34) 
2 .29 
• • • 
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T(K) 
X 
U .C 
C.4 
C .5 
C .7 
1 .C 
C O 
C . 3 
C . 6 
1.0 
3 1 3 . 1 5 
3.0U 
2 . 8 7 
( 2 . 9 5 ) 
2 . 8 6 
( 2 . 9 0 ) 
2 . 8 0 
( 2 . 8 5 ) 
2 . 7 5 
3 . 3 1 
3 . 1 5 
( 3 . 2 1 ) 
3 . 0 5 
( 3 . 1 0 ) 
2 . 9 0 
3 1 8 . 1 5 
R = 10 
3 . 0 2 
2 . 8 8 
( 2 . 9 5 ) 
2 . 8 7 
( 2 . 9 2 ) 
2 . 8 1 
( 2 . 8 7 ) 
2 . 7 7 
R = 14 
3 . 3 2 
3 . 1 6 
( 3 . 2 1 ) 
3 . 0 6 
( 3 . 1 0 ) 
2 . 9 1 
3 2 3 . 1 5 
3 . 0 4 
2 . 8 9 
( 2 . 9 6 ) 
2 . 8 8 
( 2 . 9 5 ) 
2 . 8 4 
( 2 . 8 8 ) 
2 . 7 8 
3 . 3 3 
3 . 1 7 
( 3 . 2 2 ) 
3 . 0 7 
( 3 . 1 2 ) 
2 . 9 3 
C o n t d . . . . 
3 2 8 . 1 5 
3 .05 
2 . 9 1 
( 2 . 9 8 ) 
2 . 8 9 
( 2 . 9 5 ) 
2 . 8 6 
( 2 . 8 9 ) 
2 .80 
3 . 3 4 
3 . 1 8 
( 3 . 2 4 ) 
3 .09 
( 3 . 1 4 ) 
2 . 9 6 
: 41 : 
T ( K ) 
X 
C .C 
0 . 4 
C .6 
1 .0 
3 1 3 . 1 5 
3 .39 
3 .30 
( 3 . 3 6 ) 
3 . 2 4 
( 3 . 2 7 ) 
3 . 1 1 
3 1 8 . 1 5 
R = 15 
3 . 4 0 
3 . 3 2 
( 3 . 4 0 ) 
3 . 2 6 
( 3 . 3 0 ) 
3 . 1 3 
3 2 3 . 1 5 
3 . 4 1 
3 . 3 3 
( 3 . 4 0 ) 
3 . 2 7 
( 3 . 3 5 ) 
3 . 1 5 
3 2 8 . 1 5 
3 . 4 3 
3 .35 
( 3 . 4 1 ) 
3 .29 
( 3 . 3 5 ) 
3 .16 
VALU£S OF p s CALCULATED USING NOMOTO'S RELATION ARE GIVEN 
nITHiN PARHNTPIE5HS. 
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^ 3.60 
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:-9 2-80 
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| - 2-60f^--... 
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TO 
< 
220 
200 
T (K ) 
o 313.15 
- o ^ ^ ^ ^ • 328.15 
• " ~ - ^ 
^ ^ R=15 
^ ^ R=10 
t 
_ L 
R = 6 
0-0 0 2 0-4 0-6 0-8 10 
Xj mole fraction of NaN03 
Fig . 1.2: P lo t s of p^ of [x NaN03 + {l-x)KN03] "^  ^ '"^2^ 
(R = 6, 10 and 15) versus mole f rac t ion of 
NaNO^ at d i f f e r en t temperatures . 
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TABLE 1.4: EXCESS ADIABATIC CX)^^RESSIBILITY, ps^ (10^ ,cm 
dyne"-'-) FOR SOME COMPOSITIONS AS A RINCTION OF 
TBvU^ ERATURE FOR THE SYSTEMS: [x NaN03 + (l-x)Kr403J + 
RH2O (where R = 6 , 1 0 , 1 4 or 15) 
T( K) 
X 
0 . 6 
0 . 7 
0 . 8 
0 . 9 
0 . 4 
0 . 0 
0 . 7 
0 . 3 
0 . 6 
0 . 4 
C..6 
313.15 
- 0 . 3 3 4 3 
- 1 . 1 0 3 3 
-1 .6766 
•to.4196 
- 1 . 3 7 1 5 
-1 .2934 
0.3150 
+1.3498 
+0.9491 
+0.5007 
-KJ. 2 ; 28 
318.15 
R = 6 
- 0 . 3 1 5 4 
- 1 . 1 2 3 8 
- 1 . 6 3 6 5 
- 0 . 5 0 4 2 
R = 10 
- 1 . 3 4 8 3 
- 1 . 2 8 9 6 
0 .3639 
R = 14 
+1.3081 
+0.9571 
R = 15 
-fO.4962 
+0.2257 
323.15 
- 0 . 3 5 0 3 
- 1 . 1 7 3 1 
- 1 . 6 5 7 8 
- 0 . 3 7 0 7 
- 1 . 3 1 9 5 
- 1 . 2 6 2 6 
0 .3714 
+1.2259 
+1.0159 
+0.5212 
40.2331 
328.15 
-0 .4125 
-1 .2708 
-1 .7334 
0.2832 
-1 .2058 
- 1 . 2 0 4 3 
0.3766 
+1.3411 
+1.0269 
+0.5100 
+0.2355 
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the water molecule around Na"** ion i s 4 . Thus, a decrease in 
the compress ib i l i ty value of the aqueous solution of NaNO^  
below tha t of the pure water i s attributed to the e f f e c t ( l ) , 
also known as the d i l u t i o n e f f e c t . 
The K^  ion, on the other hand, i s a weak structure 
breaking ion. The structure breaking ions increase the 
33 
thermal motion of water molecules . According to Samiolov, 
surface densi ty of the d istr ibution of water molecules around 
the ion decreases as the ionic radius increases. Thus, K , a 
s t ruc tu re breaking ion causes the compressibility of the 
solu t ion to increase in comparison to that of the NaNO^  solution. 
As Na ions are added to the aqueous solution of K 
ions, compress ib i l i ty of solution decreases (Table 1 .3 ) . 
Addition of incompressible ions resu l t s in decrease in the 
compress ib i l i ty of the so lu t ion . As the value of R decreases 
ind ica t ing an increase in the ionic concentration, the value of 
ps decreases [Aqueous solution with R = 6 has lower ps 
values in comparison to the solution with R = l O ] . The v a r i a -
t ion of ps with X and temperature is shown in Fig. 1.2. 
: 45 : 
TA3LE 1 . 5 : MOLAR ULTRASONIC VELOCITIES AS FUNCTIONS OF 
CCi\\P03ITI0N Ai^ ]D Ta'APERATURE FOR THE SYSTEM: 
[x Na^]03 "^  ^^"^^ '(^^2^ "^  ^^2^ (where R = 6, 
1 0 , 14 or 15) . 
T(K) 
X 
3 1 3 . 1 5 3 1 8 . 1 5 3 2 3 . 1 5 328 .15 
c .u 
C .6 
0.7 
C .8 
0.9 
1.0 
1 2 5 5 . 0 
1 1 7 0 . 9 
( 1 1 8 0 . 1 ) 
1 1 6 3 . 9 
( 1 1 7 1 . 9 ) 
1 1 5 8 . 8 
( 1 1 6 5 . 9 ) 
1 1 5 1 . 5 
( 1 1 5 9 . 6 ) 
114C.8 
R = 6 
1 2 5 7 . 3 
1 1 7 3 . 4 
( 1 1 8 2 . 7 ) 
1 1 6 6 . 3 
( 1 1 7 2 . 5 ) 
1 1 6 2 . 5 
( 1 1 6 9 . 6 ) 
1 1 5 4 . 5 
( 1 1 6 1 . 9 ) 
1 1 4 3 . 4 
1 2 5 9 . 7 
1 1 7 6 . 1 
( 1 1 8 5 . 1 ) 
1 1 6 9 . 5 
( 1 1 7 4 , 8 ) 
1 1 6 5 . 8 
( 1 1 7 0 . 8 ) 
1 1 5 7 . 6 
( 1 1 6 4 . 2 ) 
1 1 4 6 . 0 
1 2 6 2 . 1 
1178 .7 
( 1 1 8 7 . 0 ) 
1171 .5 
( 1 1 7 4 . 7 ) 
1 1 6 7 . 9 
( 1 1 7 2 . 7 ) 
1 1 6 0 . 4 
( 1 1 6 6 . 0 ) 
1 1 4 8 . 6 
C o n t d , . . , 
: 46 : 
T(:<) 
X 
C O 
0 . 4 
0 .5 
0.7 
l . C 
0 . 0 
0.3 
0 .6 
1.0 
313.15 
1135.4 
1107.8 
(1115.5) 
1100.2 
(1110.4) 
1089.8 
(1100.8) 
1075.3 
1090.1 
1068.6 
(1075.3) 
1052.6 
(1058.2) 
1031.3 
318.15 
R = 10 
1139.1 
1109.9 
(1119.7) 
1103.1 
(1112.3) 
1092.5 
(1104.8) 
1078.5 
R = 14 
1093.3 
1071.4 
(1078.7) 
1055.8 
(1059.4) 
1034.1 
323.15 
1142.8 
1112.8 
(1121.0) 
1106.0 
(1113.7) 
1095.6 
(1106.7) 
1081.5 
1095.8 
1074.1 
(1080.8) 
1057.9 
(1062.5) 
1037.0 
Con 
328.15 
1147.0 
1116.0 
(1122.6) 
1108.7 
(1118.9) 
1098.9 
(1107.9) 
1084.9 
1098.3 
1077.9 
(1084.5) 
1060.3 
(1065.2) 
1040.0 
: 47 : 
T(K) 
X 
C O 
0.4 
0 . 6 
l . C 
313.15 
1071.3 
1059.6 
(1063.2) 
1035.8 
(10 39.3) 
998.3 
318.15 
R = 15 
1074.5 
1062.9 
(1066.9) 
1038.9 
(1042.6) 
1002.1 
323.15 
1078.1 
1066,3 
(1069.8) 
1042.3 
(1046.0) 
1005.3 
328.15 
1081.3 
1069 .5 
(1073.7) 
1045.6 
(1049.0) 
1008.4 
VALUES OF R OBTAINED USING NOMOTO'S EQUATION ARE GIVEN IM 
PARENTHESES. 
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1280 
12^0 
* 
cc 
o 
> 
c 
8 
"o 
2 
11 
T(K) 
o 313-15 
• 328.15 
R = 6 
R = 10 
R =K 
0 0 0 2 O-A 0-6 0 8 1.0 1-2 
X, mole fraction of NaN03 
Fig . 1.3: P lo t s of Molar u l t r a son ic ve loc i ty (R ) of 
[x NaN03 + (l-x)l<I^I03] + RH^ O (R = 6, 10 and 
14) versus mole f rac t ion of NaNO^ of d i f f e r en t 
temperatures . 
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TABLE 1.6: '..'ADA's CONSTANT, B, AS A FUNCTION OF TEMPERATURE 
AND COMPOSITION FOR THE SYSTEMS: [x NaN03 + ( l - x ) 
KNO3] •'" ^ ^ 2 ^ (where R = 6 ,10 ,14 or 15) 
T(K) 
X 
C .0 
0 .6 
0 . 7 
C .8 
C.9 
1 .0 
0 . 0 
C.4 
0 . 5 
0 . 7 
l . C 
313.15 
735.75 
6d8.57 
660.81 
648.44 
640.53 
633.78 
675.31 
652.94 
647 .07 
630.82 
615.35 
318.15 
R = 6 
736.94 
689.85 
662.17 
649.54 
641.60 
635.12 
R = 10 
677.12 
654.39 
648.52 
631.90 
616.43 
323.15 
738.15 
691.23 
663.50 
650.74 
642.71 
636.30 
678.95 
655.83 
649.56 
632.91 
617.50 
C o n t d . . . . 
328.15 
739.35 
692.52 
664.81 
651.89 
643.79 
637.41 
681.04 
657.16 
650.63 
633.95 
618.61 
: 50 
T(.<) 
X 
0 . 0 
0 . 3 
0 . 6 
1.0 
o.c 
0 . 4 
0 .6 
1 .0 
313.15 
640.74 
618.41 
610.52 
6Ci0.35 
629.61 
612.27 
601.53 
579.81 
318.15 
a = 14 
642.36 
619.81 
611.76 
601.56 
R = 15 
631.21 
613.92 
602.85 
581.45 
323.15 
644.00 
621.12 
612.95 
602.81 
633.00 
615.58 
604.33 
583.03 
328.15 
645.64 
623.01 
614.00 
604.12 
634.57 
617.18 
605.02 
5 8 4 . rjl 
0 0 0-2 0-4 0-6 0-8 1-0 
X, mole fraction of NaNOs 
:-i.i. J, .4: Plots of i/ada's constant, D of 
[x '^^ ;^C3 + (l-x) KNO3] + RH2C 
(R = 6,1U and 15) versus mole- fraction 
of ;i.?r:02 at different ter.ps.'rr,ture. 
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The excess adiabatic c o m p r e s s i b i l i t y , ps^, which i s 
a measure of the i on ic i n t e r a c t i o n s , shows p o s i t i v e values 
for the higher va lues of R, i n d i c a t i n g weak ion - ion i n t e r -
a c t i o n , >.Nhile n e g a t i v e va lues of ps for the lower R va lues 
i n c i c a t e s t rong ion ic i n t e r a c t i o n s (Table 1 . 4 ) . 
* The molar sound v e l o c i t i e s , R , are obtained (Table 1.5) 
us ing eqisat ions ( l . l O ) and ( 1 . 6 ) proposed by Subramanyam and 
92 
Bhirasenachar and Nomoto, r e s p e c t i v e l y , ai.J the va lues are 
l i s t e d in Table 1 .5 . The molar u l t r a s o n i c v e l o c i t y i s found 
to dec rease v/ith an increase in the concentrat ion of NaNO ,^ 
and i n c r e a s e s with increase in temperature ( F i g . 1 . 3 ) . 
The Wada's cons tant , B, i s found to increase with 
increase in temperature (Table 1.6) and v a r i e s a l so with 
composition (Fig. 1.4). 
The s p e c i f i c acoust ic impedence, Z, i s found to decrease 
v.'itn i nc rease in temperature (Table 1 . 7 ) , This i s in accor-
dance v;ith equation ( 1 . 3 ) , in which Z i s d i r e c t l y propor-
t iona l to d e n s i t y , which decreases with an increase in tempe-
rature . An increase in the value of Z i s a l so noted with an 
i n c r e a s e in the mole f rac t ion of NaNO^* 
: 53 : 
TABLE 1.7: 
- 5 -2 - 1 
SPECIFIC ACOUSTIC IMPEDENCE (Z x 10 , gm . cm . s ) 
AS FUNCTIONS OF C0?-«50SITI0N AND TEMPERATURE FOR THE 
SYSTEMS: [x NaN03 + ( l - x ) KNO3] "*" ^ ^ ° (where R = 6, 
10,14 and 15) 
T ( K ) 
X 
0 , 0 
0.6 
0»7 
0 .3 
0 . 9 
1.0 
0 , 0 
0.4 
0 . 5 
0.7 
1.0 
J13.15 
2.2749 
2,3907 
2.4807 
2.5560 
2.6061 
2.6463 
1.9699 
2.0812 
2.0852 
2.1132 
2.2147 
318.15 
R = 6 
2.2664 
2.3794 
2.4708 
2.5417 
2.5942 
2.6312 
R = 10 
1.9632 
2.0744 
2.0782 
2.1021 
2.2053 
323.15 
2.2579 
2.3692 
2.4601 
2.5286 
2.5812 
2.620.1 
1.9530 
2.0674 
2.0711 
2.0922 
2.1960 
Contd., 
328.15 
2.2494 
2.3579 
2.4492 
2.5150 
2.5683 
2.6084 
1.9500 
2.0591 
2.0630 
2.0830 
2.1883 
1 • • 
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T(K) 
X 
0 . 0 
0 . 3 
0 . 6 
1.0 
0 . 0 
0 . 4 
0 . 0 
1.0 
313.15 
1.8647 
1.9410 
2.0251 
2 . ] 2 7 3 
1.8351 
1.9151 
1.9437 
2.0051 
318.15 
R = 14 
1.8620 
1.9353 
2.0192 
2 .1183 
R = 15 
1.8301 
1.9035 
1.9388 
2 .0008 
323.15 
1.8592 
1.9286 
2.0030 
2.1135 
1.8261 
1.9002 
1.9312 
1.9943 
328.15 
1.8565 
1.9281 
1.9973 
2.1083 
1.8202 
1.8957 
1.9273 
1.9895 
: 55 : 
- 1 
TABLE 1.8: COMPUTED VALUES OF SURFACE TENSION (cT, dyne cm ; 
AS FUNCTIONS OF TEMPERATURE AND COMPOSITION FOR 
THE SYSTEMS: [x NaN03 + ( l - x ) KNO3] "^  ^^'^ 
(v/here R = 6 ,10 ,14 or 15) 
T(K) 
X 
0 . 0 
0.6 
0.7 
0 . 8 
0 . 9 
1,0 
0 . 0 
0.4 
0 . 5 
' 7 
1.0 
313.15 
59.42 
62.10 
64.80 
66.83 
67.75 
68.63 
50.27 
52.61 
53,78 
54.09 
56,58 
318.15 
R = 6 
59.15 
62.74 
64.49 
66.36 
67.20 
68.12 
R = 10 
50.22 
53.42 
53.59 
53.90 
56.31 
323.15 
58.89 
62.43 
64.16 
65.94 
66.73 
67.68 
50.19 
53,22 
53.39 
53.67 
56.08 
328.15 
58.63 
62.07 
63.82 
65.50 
66.25 
67.20 
50.07 
52.98 
53.16 
53.48 
55.95 
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T(K) 
X 
313.15 318.15 323.15 328.15 
0 . 0 
0 .3 
0.6 
1.0 
0 . 0 
0.4 
0 . 6 
1 .0 
47.22 
49.43 
51.98 
54.07 
45.15 
47.57 
49.72 
52.46 
R = 14 
47.18 
49.27 
51.78 
53.96 
R = 15 
45.09 
47.39 
49.53 
52.30 
47.10 
49.09 
51.59 
53.78 
45.01 
47.18 
49.30 
52.15 
47.07 
48.98 
51.37 
53.60 
44.92 
47.01 
49.12 
52.02 
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Addition of an e l e c t r o l y t e to water causes an increase 
in the value of i t s surface t ens ion , which probably corresponds 
96 
to desorpt ion of s a l t from the surface reg ion . Several 
97 
workers have considered tha t the surface layer on e l e c t r o l y t e 
so lu t ions cons i s t s of a s a l t - f r e e zone ca 10~ m thick and 
^is thickness va r i e s depending on the extent of desorp t ion . 
The values of surface tension obtained using Eq. (1.18) for 
the sy«:temsunder i nves t iga t ion show a decrease with an increase 
in temperature (Table 1 .8) . Such a behavx^ur may be a t t r ibu ted 
to a decrease in the ion-ion i n t e r a c t i o n . A decrease in the 
r-L value shows an increase in the surface tens ion, indicat ing 
an increase in the a t t r a c t i v e forces among ions as expected on 
increas ing the concent ra t ion . 
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INTRODUCTION 
The measurement of u l t r a s o n i c v e l o c i t y he lps in under -
s t a n d i n g the n a t u r e of i n t e r m o l e c u l a r i n t e r a c t i o n s in l i q u i d s 
through a number of thermodynamic p r o p e r t i e s d e r i v e d from i t . 
Among these p r o p e r t i e s , the i n t e r n a l p r e s s u r e i s one of the 
98-100 
impor t an t p r o p e r t i e s of l i q u i d s . The thermodynamic and 
u l t r a s o n i c measurements are used to determine the i n t e r n a l 
101 
p r e s s u r e of l i q u i d s • I n t e r n a l p r e s s u r e d a t a fo r l i q u i d s 
51 
was used by S t a v e l y £ t j l to p r e d i c t the i n t e r m o l e c u l a r 
i n t e r a c t i o n s in l i q u i d m i x t u r e s . The r e l a t i o n proposed by 
.;o2 
Buchler e_t j l for obtaining the i n t e r n a l pressure has been 
used for the determination of i n t e r n a l pressure of molten 
103 50 
s a l t s and l iqu id m e t a l s . Dunlop e t al a lso determined the 
i n t e rna l pressure of d i f f e r en t l i qu id mixtures and compared 
them with t h e i r cohesive energy dens i ty . a l u e s . 
The Psuudo-Gruneisen parameter, J~ , i s a useful para-
ijseter for the study of thermodynamics of any system and has 
55,56,88,104 been ca lcula ted by severa l workers 
A number of f lu id equat ions of s t a t e for the hard-spheres 
: 59 : 
105-113 114 
have been proposed r ecen t ly • Chaturvedi e_t a^ used the 
105 106 
equation of Carnahan and S t a r l i ng and Thiele to obtain the 
isothermal compress ib i l i ty and the r e l a t e d p r o p e r t i e s of 
severa l l i q u i d s . 
In the p resen t work, an at tempt has been made to 
ca l cu l a t e the i n t e r n a l p ressure , p^^, the i s o t h e m a l compre-
s s i b i l i t y , ^j , and the Pseudo-Gruneisen parameter, "P", using 
the u l t r a son i c v e l o c i t y d a t a . 
THEORETICAL 
Follov/ing are the r ig id - sphere equations of s t a t e used 
for the ca lcu la t ion of isothermal compress ib i l i ty : 
PV 1+y+y^ 
« 73 (2.1) 
NkT (1-y) 
PV H-2y+3y^ 
= ^ ( 2 . 2 ) 
NkT (1 -y )^ 
PV 1+y+y^-y^ 
. : ~ - — ( 2 . 3 ) 
NkT (1-y) 
PV 
NkT (1-y) 
^ ^ ( 2 . 4 ) 
: 60 : 
and 
PV 1 
NkT (1-y)^ 
(2.5) 
where P, V, T, N and k are the pressure, the volume, the 
absilute temperature, the Avogadro's number and the Boltzmann 
constant, respectively. Here, y is the packing fraction, 
v/hich is expi-essod as 
3 
u d N 
y - ( 2 . 6 ) 
6V 
where d is the rigid sphere diameter of the molecules 
comprising the pure liquids. 
For the calculation of 'd', the following equation 
is used: 
5/2 V ^ ^ /^ 
d = 3^ (•^ ) (2.7) 
7.21x10-^^ T^ 
where cr, T^ and V are the surface tension, the cri t ical 
temperature and the molar volun^, respectively. The critical 
temperature, T ,^ is calculated using the equation. 
: 61 : 
J 0*3 
V =•• V^ (l ) (2.8) 
o 1 ^ J "^ 
where V and Vj are vvs. molar volumes at the zero degree 
absolute and the absolute temperature, T, respectively. 
The values of surface tension, cr, have been obtained 
by employing eq. (1.18), 
Using equations (2.1) to (2.5), the isothermal compre-
ss:' ^ ilities, ^jt are calculated from the following expressions: 
4 
V (1-y) ^ ^ 
p = — - . -^ (2.9) 
V 
R'T 
V 
R'T 
V 
R'T 
V 
R'T 
V 
 
(1 -y ) 
( l + 2 y ) 2 
(1-y) ^ 
A A 
l+5y-»-9y - 3 y ^ 
4 
(1 -y) 
• 5' 4 A 
5 
( 1 - y ) 
l+3y 
3 
(1-y) 
p ^ = . ' -^ , (2.10) 
(2.11) 
J = . (2.12) 
(2.13) 
R'T 1+y 
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The i n t e rna l pressure can be obtained using the 
r e l a t i o n , 
d 
p V (1 - - ) = R'T (2.14) 
^ b 
where P^ ,^ V, d, b , R' and T stand for the i n t e r n a l 
p res su re , the molar volume, the molecular diameter, the 
s h o r t e s t d is tance between the nea res t neighbours, the gas 
constant and the absolute temperature, respect ive ly . The 
molecular volume, v ( » CT ) i s r e l a t e d to b , the d is tance 
between the nea res t neighbours as fol lows: 
This expression i s then rearranged to give the value 
of b, as fol lows: 
2^/6 yl/3 
(2.16) 
Subs t i tu t ing the value of b in the equation for i n t e rna l 
p res su re , P^ ,^ [eq . ( 2 . 1 4 ) ] , we ob t a in . 
63 
1/6 , 
2 R T 
p = . ; . (2.17) 
' (2^/6 V - d N^/^ V^/^) 
The molecular diameter is obtained by using eq. (2.7), 
The Pseudo-Gruneisen parameter, Y"f is calculated 
us~ng the eypression, 
r = — ' (2.18) 
Ta 
where y and a stand for the specific heat ra t io and the 
thermal expansion coefficient , respect ively . 
For the calculation of y, the following relat ion is 
used: 
Px ' Ps Y ^2.19) 
where 8 in the adiabatic compressibil i ty. 
119 
For obtaining a, the density equation is used, 
1 ^f 
ct = - ( ) ( 2 . 2 0 ) 
/ ST 
vvnere, / stands for the density of the system. 
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RESULTS AND DISCUSSION 
The i s o t h e r m a l c o m p r e s s i b i l i t y v a l u e s , P-p, of b ina ry 
and t e r n a r y s o l u t i o n s of sodium and po tass ium n i t r a t e s in 
aqueous medium have been o b t a i n e d u s i n g e q u a t i o n s ( 2 . 9 ) to 
( 2 . 1 3 ) . An examina t ion of Table 2 . 1 r e v e a l s t h a t the c a l c u -
l a t e d v a l u e s of p^ a t 313.15 K i n c r e a s e wi th i n c r e a s e in 
the R va lue ( i . e . , wi th dec r ea se in the i o n i c c o n c e n t r a t i o n ) . 
This i n c r e a s e in p^ i s a t t r i b u t e d to a dec rease in the con-
c e n t r a t i o n of i ncompres s ib l e i o n s . The v a l u e s of P j , on the 
o t h e r hand, show a d e c r e a s i n g t r end wi th i n c r e a s e in the mole 
f r a c t i o n * x . 
The c a l c u l a t e d v a l u e s of i n t e r n a l p r e s s u r e , P , (Table 
2 , 2 ) , b a s e d on e q . ( 2 .17 ) are found to i n c r e a s e wi th i n c r e a s e in 
the mole f r a c t i o n of NaNO^* These v a l u e s a l s o i n c r e a s e with 
i n c r e a s e in t e m p e r a t u r e . Th is t r end in t h e i r behaviour may be 
a t t r i b u t e d to the low c o m p r e s s i b i l i t y of these s o l u t i o n s due 
to which an i n c r e a s e in t empera tu re causes an i n c r e a s e in the 
i n t e r n a l p r e s s u r e . P^ ^ a l s o i n c r e a s e s with an i n c r e a s e in the 
va lue of R, 
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TABLE 2 . 1 : ISOTHERIAAL (XWPRESSIBILITY, p^ (lO"^^, cm^ dyne"''-) 
FOR [x NaN03 + (1 -x) KNO3] + RH^O (where R = 6, 
10 , 14 o r 15) SYSTEMS AT 313.15 K. 
X 
EQNS: 2 .9 2.10 2 . 1 1 2 .12 2 .13 
R = 6 
0 . 0 3.69 4 .65 3 .96 8 .91 13.93 
0 . 6 2 .96 3.81 3.20 7 .44 11.77 
0 . 7 2 .79 3.60 3 .01 7 .03 11.13 
0 . 8 2 .63 3.41 2 ,84 6 .69 10.62 
0 . 9 2 .46 3 .23 2 .66 6 .28 9.97 
1.0 2 .31 3 .02 2 . 4 3 5 .86 9.48 
R = 10 
0 . 0 3.88 4 ,81 4 .15 9 .08 14.09 
0 . 4 3.50 4 .36 3 .75 8 .28 12.90 
0.^) 3.47 4 .33 3 .71 8 .22 12.80 
0. '^ 3.39 4 .10 3 .43 8 .01 12 .73 
1.0 3.08 3.74 3.05 7.69 12.58 
C o n t d . . . 
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EQS: 2.9 2.10 2 .11 2 .12 2 .13 
R = 14 
0 . 0 
0 . 3 
0 .6 
1.0 
4.20 
3.83 
3.78 
3.62 
5.11 
4.70 
4.58 
4.39 
4.47 
4.08 
3.93 
3.78 
9.49 
8.78 
8.53 
8.37 
14.58 
13.54 
13.38 
13.13 
R = 15 
0 . 0 
0.4 
0,6 
1.0 
4.29 
4.13 
3.98 
3,70 
5.20 
4.71 
4.57 
4.36 
4.55 
4.10 
3.97 
3.7t 
9.57 
8.79 
8.67 
8.45 
14.65 
13.55 
13.42 
13.23 
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TABLE 2 . 2 : INTERNAL PRESSURE, P^ (lO'*-'-^ dyne cm"^) AS 
FUNCTIONS OF MOLE-FRACTION AND TEMPERATURE 
FOR THE SYSTEMS: [x NaN03 + (1-x)KNO3] + RH^O 
(where R =» 6 ,10 ,14 or 15) 
T(K) 313.15 318.15 323.15 328.15 
R = 6 
0.0 
0.6 
0.7 
0 .8 
0.9 
1.0 
0.595 
0.621 
0.624 
0.630 
0.637 
0.650 
0.599 
0.626 
0.628 
0.635 
0.642 
0.654 
0.605 
0.630 
0.631 
0.640 
0.647 
0.659 
0.611 
0.637 
0.636 
0.646 
0.651 
0.666 
R = 10 
0.0 
0 .4 
0.5 
0.,7 
1«0 
0.613 
0.642 
0.648 
0.657 
0.668 
0.621 
0.645 
0.654 
0.660 
0.672 
0.629 
0.649 
0.658 
0.664 
0.676 
Cor 
0.634 
0.653 
0.662 
0.669 
0.718 
l t d . . . 
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T(K) 
X 
313.15 318.15 323.15 328.15 
R = 14 
0 .0 
0 . 3 
0 .6 
L.O 
0 .0 
0 . 4 
0 . 6 
L.O 
0.625 
0.639 
0.658 
0.679 
0.635 
0 .651 
0.667 
0.689 
0.629 
0.643 
0 .661 
0 .682 
R =15 
0 .643 
0.659 
0,675 
0.693 
0.634 
0.649 
0.663 
0.686 
0 .651 
0.667 
0 .681 
0.699 
0.639 
0 .651 
0.667 
0.689 
0,659 
0.675 
0.687 
0.708 
: 69 : 
TABLE 2»3: PSejDO-GRUNElSEN PARAMETER, T» ^OR THE SYSTEMS: 
[x NaN03 + (l-x)KN03] + RH^O (where R = 6 , 10, 
14 or 15) AS A FUNCTION OF COMPOSITION AND 
TEMPERATURE. 
T(K) 313.15 318.15 323.15 328.15 
X 
0 . 0 
0.6 
0.7 
0 .8 
0 . 9 
1.0 
0.0 
0 .4 
0 .5 
0 .7 
1.0 
5.890 
4.628 
4.434 
4,130 
3.808 
3.512 
4.402 
4.022 
3.959 
3.700 
3.318 
5.693 
4.403 
4.219 
3.917 
3.620 
3.314 
4.199 
3.819 
3.758 
3.518 
3.133 
R 
R 
= 6 
5.480 
4.191 
4.013 
3.717 
3.418 
3.120 
= 10 
4.007 
3.624 
3.566 
3.331 
2.955 
5.275 
3.987 
3.816 
3.526 
3.220 
2.890 
3.836 
3.435 
3.380 
3.138 
2.787 
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T(K) 
X 
313.15 318.15 323.15 328.15 
R = 14 
0 . 0 
0 .3 
0 .6 
1.0 
4.100 
3.884 
3.605 
3.379 
3.905 
3.681 
3.345 
3.189 
3.732 
3.484 
3.200 
3.013 
3.557 
3.324 
3.035 
2 .848 
R = 15 
0 . 0 
0 .4 
0*6 
1.0 
4.065 
3.710 
3.532 
3.015 
3.866 
3.525 
3.317 
2.976 
3.687 
3.350 
3.205 
2.813 
3.505 
3.181 
3.112 
2.705 
: 71 : 
The ca lcu la ted values of Pseudo-Gruneisen parameter, f"* 
(Table 2,3) obtained using eq . (2,18) for the aqueous 
so lu t ions of mixed e l e c t r o l y t e s show dependence on temperature 
as well as on composition. 
I t may, t he re fo re , be concluded from the above r e s u l t s 
t ha t the sol i ' te~solute and the so lu te - so lven t i n t e r a c t i o n s 
increase in magnitude with increase in the concentra t ion of 
elec t r o l y t e s . 
CHAPTER-III 
APPLICATION OF FLORY THEORY TO MIXTURES OF SODIUM AND 
POTASSIUM NITRATES IN AQUEOUS MEDIUM. 
: 72 : 
INTRODUCTION 
45 
P , J . F l o r y proposed a sinqale theo ry r e p r e s e n t i n g the 
l i q u i d s t a t e p r o p e r t i e s on the b a s i s of a s imple p a r t i t i o n 
f u n c t i o n to e x p l a i n the p r o p e r t i e s of l i q u i d m i x t u r e s of non-
p o l a r m o l e c u l e s . P r o p e r t i e s of m i x t u r e s were ana lysed by 
F l o r y us ing the p a r a m e t e r s c h a r a c t e r i z i n g the pure components, 
e . g „ , d e n s i t y , thermal expans ion c o e f f i c i e n t and thermal 
pre j j sure c o e f f i c i e n t ; t h e o r e t i c a l e x p r e s s i o n s fo r f r e e - e n e r g y , 
e n t r o p y , e n t h a l p y and exces s volumes were d e r i v e d . Since 
th i r , t heo ry i s m a t h e m a t i c a l l y s i m p l e , i t has been used e x t e n -
s i v e l y fo r p r e d i c t i n g ; the v a r i o u s p r o p e r t i e s of l i q u i d s . 
F l o r y theory has been employed to c a l c u l a t e the reduced and 
the c h a r a c t e r i s t i c pa r ame te r s of l i q u i d s which, in t u r n , have 
been used to c a l c u l a t e the i n t e r a c t i o n p a r a m e t e r , ^in* ^^^ 
s u r f a c e t e n s i o n , a , the f r e e - e n e r g y , G, the e n t r o p y , S, the 
v i s c o s i t y of pure l i q u i d s , T^ ^^  as we l l as of t h e i r b ina ry 
E 
m i x t u r e s , t ) . In a d d i t i o n , the e x c e s s f r e e - e n e r g y , A G , the 
E E 
e x c e s s en t ropy of mix ing , A S , the exces s v i s c o s i t y , r^^ , the 
E 
exces s molar volume, A V and the u l t r a s o n i c v e l o c i t y , u have 
a l s o b€'en e v a l u a t e d . The v a l u e s of a and those of u have 
: 73 : 
4,5 
been obtained for the te rnary systems . 
97,117-123 
App l i cab i l i t y of t h i s theory has also been t e s t e d 
over a wide range of room temperature l i qu ids and t h e i r binary 
mixtures . Some v/orkers have a lso made attempts to apply i t to 
124 22,125 
molten s a l t s and t h e i r binary mixtures . Resul t s of the 
t h e o r e t i c a l eva lua t ion were found to be in agreement with 
those of the experimental va lues . 
An attempt has , the re fore , been made to apply the 
F l o r y ' s s t a t i s t i c a l theory to the aqueous so lu t ions of sodium 
and potassium n i t r a t e s and t h e i r mix tures . 
THEORETICAL 
TREATMENT OF DATA OF PURE COMPONENTS; 
The themal coefficient, a, is derived from the density 
. 116 
equation , 
a -•- (—) (3.1) 
/ 6T 
where f is the density of the system. 
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45,46 
The reuuced equation of s t a t e giv ; by Flory » 
1/3 1/3 
PV/f = [V /(V - 1 ) ] - 1/vf (3.2) 
126,127 
i s of the same form as given by Eyring and Hirschfelder 
/—' 
The reduced q u a n t i t i e s v i z , , the reduced volume, V, 
the reduced temperature, T, and the reduced p ressure , P, are 
expressed as 
^ =» V/V* (3.3) 
T = P/P* (3.4) 
' f = T/T* (3.5: 
where V,P and T represen t the molar volume, the atmospheric 
pressure and the absolute temperature, r e spec t i ve ly , while 
V , P and T represen t the c h a r a c t e r i s t i c q u a n t i t i e s of 
the pure components. 
The reduced volume, V, is also given by 
^ 1 / 3 
V - 1 = aT/3(l+aT) (3.6) 
where a i s the coe f f i c i en t of thermal expansion a t temperati 
75 
T; here pressure is assumed to be zero. Eq. (3.6) has been 
found to be applicable to systems not only in the low pressure 
range but also at atmospheric pressure with insignificant 
error. The reduced temperature is obtained by using the value 
of reduced volume obtained from eq.(3.6), 
^1/3 
^ V - 1 
V 
1^ 
The characteristic pressure, P , is obtained from the 
reduced equation of state as, 
J-
P = Y T V (3.8) 
where Y» the thermal p r e s s u r e c o e f f i c i e n t , i s g iven as 
6P a 
Y = ( ~ ) - — (3 .9 ) 
6T ^ p ^ 
where {3^  i s the i s o t h e r m a l c o m p r e s s i b i l i t y and a i s the 
thermal expans ion c o e f f i c i e n t . 
In o r d e r to e v a l u a t e the v a r i o u s reduced and the 
c h a r a c t < ? r i s t i c p a r a m e t e r s u s ing the F lo ry t h e o r y , the aqueous 
s o l u t i o n s of NaNO^ and KNO-^  have been t r e a t e d as the two pure 
: 76 : 
TREATOENT OF DATA OF BINARY MIXTURES? 
The reduced volume of mixtures i s obtained by the 
e x t e n s i o n of r i o r y ' s s t a t i s t i c a l theory to binary systems 
and i s given a s , 
V = (3 .10) 
X V* + (1 -x ) V* 
The reduced temperature, T, i s g iven as 
^ = ^^ih '^ 1 + ^2 ^2 T 2 ) / ( V l -" ^ 2 - ^1^2^12^ ^^'^^^ 
v/here 9 , l|j and X^2 represent the s i t e f r a c t i o n , the 
segment f r a c t i o n and the i n t e r a c t i o n parameter, r e s p e c t i v e l y . 
Subscr ipts 1 and 2 re fer to the two components. 
Following expres s ions are employed to eva luate the 
c h a r a c t e r i s t i c parameters of binary mixtures: 
V* = X V'^  + (1 -x ) V* ; (3 .12) 
P* = ^ I P I + ^ 2 - ^ V l 2 (3.13) 
T = ( ^ + ^ ) (ti,^p^ + lij^p^ _ 'i'l©2^12) (3 .14) 
i j l 2 
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d (1-x) represent t h e m o i e f r a c t i o n s of components 
where x and U - x ; F 
o - t ive lY . in the binary mixture . 1 and 2 r e s p e c t i v e l y , 
, . . . « . n . . s e ^ n t » a c U o n s * , a.a . . . t . sUe 
, e and the interaction parameter. X,^. 
fract ions * i - d «2 . 
t , the following expressions are 
for the components, the 
(1-x) (3.15) 
(i-x)+x(-rV 
(3.16) 
^1 1 V 
* - 1 / 6 p* 1/2 2 ^^^^^^ 
2^v r4) J • 
^12 
= pt 11 - (4) ^7 
1 •' Vj^  ^1 
The reduced volume of mixtures i s a lso obtained by an a l t e r -
nat ive method. The ideal reduced volume, V^, i s given as , 
^ 
(3.18) 
V , = ^1 Vi + ^2 ^ 2 -
. t i i re ^i f i s expressed as , 
The ideal reduced temperature, f,, 
: 78 
^ ^1/3 ^4/3 
T = (V - 1)/V^ . (3.19) 
The excess reduced volume is given by 
V = ( SV/ 6T)(T - T^) 
^ 7/3 . ^ 1/3 -1 ^ ^ 
-"o ^l-^o ^ (T-T^); (3.20) 
and the V^^^^^ as, 
^ E 
V 1.H = 'V^ - 7 . (3.21) 
calcd o 
EXCESS VOLUME: The observed reduced volume, V^, ,, obtained 
• - ' — " ' • - ' o b s d ' 
^ E 
fro;n e q . (3 .10 ) and the e x c e s s reduced volume, V » are r e l a t e d 
to each o t h e r by the e x p r e s s i o n , 
^ T; _ ? ; ^ = V /(KV* + ( l -x )V*) (3 .22) 
^obsd " ^0 ~ ^ ^ 
where V is given by eq. (3.18). From equations (3.22) 
and (3.18), we obtain, 
V « [xV* + (l-x)V2] [V - {^^^ + IjIgVs)]- (3.23) 
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VISCOSITY; The thertnodynarnic funct ions of mixing can be 
» 
expressed in terms of the solut ion activation energy, AG , 
* * 
the pure l i qu id ac t i va t ion ene rg i e s , /^G^ and A^2* ^"'^  ^^^ 
excess free energy of mixing, ACi«» as follows: 
^G* = XAG^ + (1-x) AG2 - AGJ^ • (3.24) 
The viscosity of the pure component i, is related to 
the solution activation energy, AG., through the expression, 
^ -1 
T]^ = A exp [ AG*/R' T + (V^ - 1) ] (3.25) 
where R is the gas constant. 
Taking logarithm of eq. (3.25), we obtain, 
A ^G^ ^ -1 
LT\ T). =^n A + * + (V. - 1) . (3.26) 
^ R'T ^ 
An expression for the excess v i s c o s i t y i s obtained by 
applying eq. (3.26) to the mixture and i t s pure components 
as follows: 
/A^n fj = ^ n Tj ^^^ - (x / n TJ^  + ( l - x ) ^ n r^^ (3.27) 
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where T), and T)- s tand fo r the v i s c o s i t i e s of pure compo-
n e n t s of b i n a r y m i x t u r e s . S u b s t i t u t i n g the v a l u e s of r). from 
eq . (3 .25 ) and t h a t of A G from e q . ( 3 . 2 4 ) ; e q . ( 3 .27 ) t akes 
on the form, 
1 X ( l - x) 
A ^ n T] = - A G y / R ' T + ;3 ^ . (3 .28) 
I ^ V - 1 V ^ - 1 V 2 - 1 
Equa t ions ( 3 . 2 7 ) and (3 .28 ) g i v e , 
(1 . X) 
n^ Vx^"^^A^^-T7"vrri V 2 - 1 
X ^ n T]j^  + ( 1 - x ) ^ n T|2. ( 3 . 2 9 ) 
The excess f r ee energy of mixing i s ob ta ined as 
w 1/3 
^S. = ^  PI V* [(i- - i ) -. S-r/n ( l\;r " )1 -^  
^ i ^ V - 1 
^ 1 / 3 
(1-x) Po V* [ ( - - - ) + 3 ' T 2 ^ " ^ -^1 ) + x v ! ©^ V w 
(3 .30) 
where a l l the symbols have t h e i r u s u a l meaning. 
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In the present work, an attempt has been made to 
evaluate the var ious reduced and the characterist ic parameters 
and the measured values of v i s c o s i t i e s have been compared with 
those calculated using the Flory's s t a t i s t i c a l theory. (The 
te rnary mixtures of sodium and potassium ni trates in aqueous 
media have been treated as binary mixtures for the purpose 
of ca lcu la t ion without introducing much error.) 
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RESULTS AND DISCUSSION 
The c a l c u l a t e d v a l u e s of thermal expans ion c o e f f i c i e n t , 
a , ob ta ined (Table 3.1) us ing e q . ( 3 . 1 ) are found to dec rease 
s l i g h t l y with i n c r e a s e in t empera tu re and i n c r e a s e wi th 
i n c r e a s e in the c o n c e n t r a t i o n of NaNO^* 
The reduced volumes, V, of b i n a r y s o l u t i o n s v o b t a i n e d 
by us ing e q , ( 3 . 6 ) and of t e r n a r y s o l u t i o n s ( o b t a i n e d by using 
e q u a t i o n s (3 .10) and (3 .21) l i s t e d in Table 3 .2 show an i n c r e a s e 
in t h e i r v a l u e s w i th i n c r e a s e in t e m p e r a t u r e . The v a l u e s of 
^ . ^ are n o t found to be a f f e c t e d s i g n i f i c a n t l y by v a r i a t i o n s 
obsu 
/~^ 
in the v a l u e s of R. An agreement between the V^^j^^^ and 
V ^,.,^ v a l u e s i s found to be q u i t e r e a s o n a b l e . The v a l u e s of 
c a X c (J 
^^ 
reduc(?d temperature, T (Table 3,3) obtained by using equations 
(3.7) and (3.11) for the binary and the ternary solutions, 
respectively, show an increase with increase in temperature 
and also increase with increase in the concentration of N^O^. 
r unlike V has been found to increase with increase in the 
R value. 
The c h a r a c t e r i s t i c volumes, V , c a l c u l a t e d by us ing 
e q u a t i o n s ( 3 . 3 ) and (3 .12 ) f o r the b i n a r y and the t e r n a r y 
: 83 : 
3 - 1 
TABLE 3 . 1 : THERMAL EXPANSION COEFFICIENT ( a , 10 K ) OF 
THE SYSTEMS: [ x NaN03 + ( l -x )KNO3] + RH2O 
(where R = 6 , 1 0 , 1 4 o r 1 5 ) . 
T(K) 
X 
313.15 318.15 323.15 328,15 333.15 338.15 
R-^-^ 
CO 0.3639 0.3633 0.3626 0.3619 0.3613 0.3606 
0.6 0.4153 0.4145 0.4136 0.4128 0.4119 0.4111 
0.7 0.4159 0.4150 0.4142 0.4133 0.4125 0.4116 
0.8 0.4237 0.4228 0.4229 0.421^ 0.4202 0.4193 
0 . 9 0.4211 0.4082 0.4204 0.4206 0.4187 0.4149 
1.0 0.4280 0.4271 0.4262 0.4253 0.4244 0.4235 
R « 10 
0.0 0.3840 0.3832 0.3824 0.3816 0.3808 0.3800 
0.4 0.4126 0.4118 0.4110 0.4101 0.4093 0.4084 
0.5 0.4144 0.4136 0.4127 0.4114 0.4110 0.4012 
0.7 0.4255 0.4244 0.4333 0.4722 0.4210 0.4199 
1.0 0.4393 0.4383 0.4374 0.4364 0.4355 0.4345 
Con td . . . 
T(K) 
X 
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313.15 318.15 323.15 328.15 333.15 338.15 
R - 14 
0.0 0.3900 0.3892 0.3885 0.3877 0.3870 0.3862 
0.3 0.4042 0.4034 0.4026 0.4018 0.4010 0.4002 
0.6 0.''»12 0.4004 0.3996 0.3988 0.3980 0.3972 
1.0 0.4246 0.4237 0.4228 0.4220 0.4211 0.4202 
R = 15 
0.0 0.:5962 0.3954 0.3946 0.3938 0.3930 0.3923 
0.4 0.4070 0.4062 0.4054 0.4046 0.4038 0.4029 
G.6 0.4070 0.4061 0.4055 0.4055 0.4049 0.4029 
1.0 0.4233 0.4224 0.4215 0.4207 0.4198 0.4189 
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TABLE 3 . 2 : REDUCED VOLUME (V^j^^^^ and V ^ ^ ^ ^ ^ J OF THE 
SYSTEMS: [ x N.aN03 + ( l - x ) K N 0 3 ] + RH2O 
(vvhere R = 6 , 1 0 , 1 4 o r 1 5 ) . 
T(K) 3 1 3 . 1 5 3 1 8 . 1 5 3 2 3 . 1 5 
X 
328.15 333.15 338.15 
0 .0 1.105 1.107 
0.6 1.097 1.099 
(1.108) (1.110) 
0.7 1.090 1.089 
(.1.105) (1.106) 
0 .8 1.091 1.092 
(1.103) (1.104) 
0.9 1.095 1.096 
(1.108) (1.109) 
1.0 1.102 1.103 
"'"" > 
R 
1.108 
1.105 
1.109 
0.101 1.102 
(1.112) (1.113) 
1.093 1.094 
(1.108) (1.110) 
1.092 1.095 
(1.106) (1.108) 
1.097 1.099 
(1.110) (1.112) 
1.106 
1.111 
1.107 
1.112 
1.104 1.105 
(1.114) (1.116) 
1.096 1.097 
(1.112) (1.114) 
1.097 1.098 
(1.109) (1.110) 
1.100 1.102 
(1.114) (1.115) 
1.108 
0 .0 
10 
1.111 1.113 1.114 1.115 1.117 
0.4 1.098 1.099 
(1.110) (1.112) 
0,5 1.095 1.096 
(1.112) (1.113) 
0 .7 1.104 1.105 
(1.117) (1.119) 
1.0 1.107 1.108 
1.100 1.102 
(1.113) (1.114) 
1.093 1.099 
(1.114) (1.115) 
1.106 1.107 
(1.120) (1.121) 
1.109 1.110 
1.119 
1.103 1.104 
(1.116) (1.117) 
1.101 1.103 
(1.116) (1.117) 
1.109 1.110 
(1.123) (1.125) 
1.112 1.113 
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T(K) 313.15 318.15 323.15 328.15 333.15 338.15 
X 
R = 14 
0.0 1.112 1.113 1.115 1.117 1.119 1.120 
0.-3 1.099 1.099 1.102 1.105 1.108 1.110 
(1.107) (1.109) (1.110) (1.111) (1.112) (1.114) 
0 .6 1.105 1.107 1.109 1.110 1.112 1.114 
(1.112) (1.114) (1.116) (1.118) (1.119) (1.121) 
1.0 1.115 1.116 1.117 1.118 1.119 1.120 
R = 15 
0.0 1.114 1.115 1.116 1.118 1.118 1.122 
0.4 1.110 1.111 1.113 1.115 1.117 1.118 
(1,121) (1.122) (1.124) (1.126) (1.127) (1.129) 
0.6 1.115 1.116 1.118 1.119 1.121 1.123 
(1.124) (1.126) (1.127) (1.129) (1.131) (1.133) 
i.O 1.121 1.122 1.123 1.124 1.125 1.126 
^calcd. VALUES ARE GIVEN WITHIN PARENTHESES, 
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TABLE 3 . 3 ; REDUCED TEfAPERATURE, T OF ThE SYSTEMS: 
[ x NaN03 + ( l - x ) K N 0 3 ] + RH2O (where R « 6 , 1 0 
14 o r 1 5 ) . 
T(K) 313.15 318.15 
X 
323.15 328.15 333.15 338.15 
R = 6 
0 .0 0.0205 0.0207 0.0209 0.0212 0.0215 0.0218 
0.6 0.0208 0.0211 0.0214 0.0217 0.0220 0.0223 
0.7 0.0212 0.0213 0.0216 0.0219 0.0221 0.0224 
0.8 0.0218 0.0219 0.0223 0.0226 0.0229 0.0232 
0.9 0.0219 0.0221 0 .0225 0.0228 0.0231 0.0233 
1.0 0.0223 0.0226 0.0227 0.0229 0.0232 0.0236 
R = 10 
0.0 0.0210 0.0213 0.0216 0.0217 0.0217 0.0220 
0.4 0.0214 0.0216 0.0218 0.0221 0.0224 0.0227 
0 . 5 0.0213 0.0215 0.0218 0.0229 0.0225 0.0228 
0.7 0,0216 0.0220 0.0224 0.0226 0.0228 0.0230 
i.O 0.0220 0.0224 0.0226 0.0228 0.0231 0.0234 
C o n t d . • . , 
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T(K) 313.15 318.15 323.15 328.15 333.15 338.15 
X 
R = 14 
0 .0 0.0219 0.0221 0.0224 0.0227 0.0225 0.0225 
0.3 0.0224 0.0227 0.0230 0.0232 0.0235 0.0238 
0.6 0.0226 0.0230 0.0233 0.0236 0.0239 0.0241 
1. ' 0.0230 0.0230 0.0235 0.0238 0.0241 0.0243 
R = 15 
0.0 0.0221 0.0223 0.0223 0.0226 0.0228 0.0231 
0.4 0.0227 0.0229 0.0232 0.0234 0.0237 0.0238 
0.6 0.02.23 0.0223 0.0226 0.0228 0.0231 0.0234 
1.0 0.0229 0.0230 0.0233 0.0236 0.0240 0.0243 
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* - 1 
TABLE 3 .4 : CHARACTERISTIC VOLUME (V , cc mol ) OF THE SYSTEMS: 
[x NaN03 + (1-x) KNO3] + RH2O (where R = 6 ,10 ,14 or 
1 5 ) . 
T(K) 313.15 318.15 323,15 328,15 333.15 338.15 
X 
R = 6 
0.0 22.410 22.433 22.456 22.479 22.503 22.527 
0 .6 20.048 20.078 20.100 20.127 20.154 20.181 
0 .7 19.833 19.859 19.886 19.913 19.941 19.969 
0.8 19.623 19.650 19.678 19.706 19.734 19.762 
0.9 19.399 19.426 19.454 19.482 19.511 19.540 
1.0 19.157 19.185 19.214 19.243 19.272 19.302 
R = 10 
0.0 20.065 20.091 19.118 19.145 19.172 19.200 
0.4 19.590 19.618 19.646 19.674 19.702 19.731 
0.5 19.470 19.498 19.526 19.554 19.583 19.613 
0.7 19.241 19.270 19.298 19.327 19.357 19.387 
1.0 18.888 18.917 18.947 18.977 19.008 19.039 
Contd..,. 
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T(K) 313.15 318.15 323.15 328.15 333.15 338.15 
X 
R = 14 
0.0 18.332 18.356 18.380 18.404 18.428 18.453 
0.3 18.146 18.170 18.195 18.22D 18.246 18.272 
0 .6 17.953 17.958 17.979 18.005 18.031 18.058 
1.0 17.705 17.732 17.759 17.787 17.815 17.844 
R = 15 
0.0 
0.4 
0.6 
1.0 
17.649 17.672 17.696 
17.077 17.101 
16.232 16.256 
17.125 
16.809 16.833 16.856 
16.281 
17.720 
17.149 
16.882 
16.306 
17.744 17.769 
17.174 17.199 
16.907 16.933 
16.332 16.358 
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TABLE 3 . 6 J CHARACTERISTIC TEMPERATURE (T ,K) OF THE SYSTEMS: 
[x NaNOg + (l-x)KN03] + RH2O (where R = 6 ,10 ,14 or 
15) . 
T(K) 
X 
313.1b 318.15 323.15 328.15 
R = 6 
0 . 0 
0 . 6 
C .7 
0 . 8 
0 . 9 
1.0 
0 .0 
0 . 4 
.5 
0 . 7 
1.0 
10050 .00 
9533.42 
9443*44 
9374.94 
9319.03 
9276,49 
9741.10 
9449.75 
9328.13 
9220.27 
9150.39 
10055.19 
9586.37 
9496.27 
9427.61 
9371.47 
9328.65 
R = 10 
9793.21 
9503.94 
9385.17 
9273.97 
9202.65 
11006,38 
9640.59 
9550.07 
9481.07 
9424,37 
9380,86 
9845,34 
9558.62 
9436.44 
9327.86 
9254.91 
11035.58 
9696.63 
9605.59 
9535.65 
9477.88 
9433.08 
9897.47 
9634.44 
9491.22 
9382.15 
9307.20 
C o n t d . . . . 
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r(K) 
X 
0 . 0 
0 . 3 
0 . 6 
1.0 
0 .0 
0 , 4 
0 .6 
1.0 
313.15 
9553v22 
9428.84 
9324.38 
9231.40 
9534.73 
9301.60 
9201.15 
9053.15 
318.15 
R = 
9600.52 
9481.98 
9377.71 
9284.57 
R = 
9586.79 
9353.68 
9253.28 
9081.32 
14 
15 
323.15 
9605,72 
9536.92 
9430.83 
9335.75 
9638.86 
9408.41 
9307.05 
9143.49 
328.15 
9613.93 
9587.78 
9483.86 
9387.96 
9690.95 
9434.83 
9358.51 
9187.69 
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TABLE 3 / 7 ; COMPARISON OF EXPHRIMENTAL AMD COMPUTED VALUES 
2 - 2 
OF VISCOSITY ( n X 10 , Ns m ) OF [x NaN03+ ( l - x ) 
KNO3] + RRjO (where R = 6 , 1 0 , 1 4 o r 1 5 ) . 
T(K) 3 1 3 . 1 5 3 1 8 . 1 5 3 2 3 . 1 5 3 2 8 . 1 5 3 3 3 . 1 5 3 3 8 . 1 5 
X 
R =« 6 
0.0 0.836 0.803 0.770 0.739 0.704 0.680 
o 1.361 1.245 1.162 1.074 0.999 0.947 
(0.078) (0.071) (0.068) (0.064) (0.056) (0.055) 
0.7 1.504 1.373 1.273 1.185 1.096 1.052 
(0.091) (0.085) (0.081) (0.076) (0.071) (0.061) 
0.8 i .552 1.421 1.303 1.209 1.119 1.065 
(1.003) (1.001) (0.093) (0.086) (O.O8I) (0.076) 
0.9 1.604 1.468 1.362 1.255 1.162 1,097 
(1.012) (1.003) (0.094) (0.089) (0.078) (0.071) 
1.0 1.678 1.530 1.405 1.291 1.189 1.126 
R = 10 
0.0 0.729 0.679 0.638 0.596 0.559 0.535 
0.4 0.878 0.802 0.747 0.692 0.639 0.608 
(0.583) (0.580) (0.551) (0.526) (0.510) (0.430) 
O.'o 0.918 0.850 0.792 0.733 0.688 0.658 
(0.536) (0.518) (0.503) (0.493) (0.487) (0.430) 
0.7 0.947 0.873 0.821 0.759 0.708 0.673 
(0.618) (0.601) (0.587) (0.531) (0.528) (0.513) 
1.0 1.025 0.930 0.863 0.798 0.736 0.697 
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T(K) 313.15 318.15 323.15 328.15 333.15 338.15 
X 
R = 14 
0 . 0 0*715 0 . 6 7 0 0 . 6 2 7 0 . 5 8 6 0 . 5 4 9 0 . 5 2 7 
0 . 3 0 . 7 1 0 0 . 7 0 3 0 . 6 8 3 0 . 6 5 8 0 . 6 5 5 0 . 6 0 3 
( 0 . 4 5 0 ) ( 0 . 4 4 3 ) ( 0 . 4 3 9 ) ( 0 . 4 1 5 ) ( 0 . 4 1 4 ) ( o . 4 0 1 ) 
0 . 6 0 . 7 9 6 0 . 7 3 2 0 . 6 8 3 0 . 6 4 9 0 . 5 9 2 0 . 5 6 1 
(0 . ,463) ( 0 . 4 5 1 ) ( 0 . 4 3 5 ) ( 0 . 4 3 1 ) ( 0 . 4 2 1 ) ( 0 . 4 0 3 ) 
1.0 0 . 9 4 2 0 . 8 6 7 0 . 7 6 6 0 . 7 1 5 0 . 6 6 5 0 . 6 3 0 
R = 15 
p . O 0 . 6 7 1 0 . 6 2 8 0 . 5 8 9 0 . 5 5 1 0 . 4 9 7 0 . 4 7 4 
0 . 4 0 . 7 7 9 0 . 7 2 1 0 . 6 7 1 0 . 6 2 7 0 . 5 8 4 0 . 5 5 9 
( 0 . 4 5 8 ) ( 0 . 4 5 0 ) ( 0 . 4 4 2 ) ( 0 . 4 3 1 ) ( 0 . 4 1 2 ) ( 0 . 3 9 8 ) 
0 . 6 0 . 8 3 7 0 . 7 7 1 0 . 7 1 6 0 . 6 6 9 0 . 6 2 2 0 . 5 8 4 
( 0 . 4 5 0 ) ( 0 . 4 4 4 ) ( 0 . 4 3 1 ) ( 0 . 4 2 1 ) ( 0 . 4 1 0 ) ( 0 . 4 0 8 ) 
1 .0 0 . 8 9 1 0 . 8 4 3 0 . 7 9 3 0 . 7 2 2 0 . 6 8 3 0 . 6 X 
• COMfUTED VALU£S OF VISCOSITY (USING FLORY THEORY) ARE 
GIVEN WITHIN PARENTHESES. 
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s o l u t i o n s , r e s p e c t i v e l y , are r e p o r t e d in Table 3 . 4 . The v a l u e s 
of V are found to show an i n c r e a s e wi th I n c r e a s e in tempe-
r a t u r e and d e c r e a s e wi th i n c r e a s e in the mole f r a c t i o n , X, of 
NaN03. 
The v a l u e s of c h a r a c t e r i s t i c p r e s s u r e , P , of b ina ry 
and t e r n a r y s o l u t i o n s ( c a l c u l a t e d u s i n g e q u a t i o n s ( 3 . 8 ) and 
( 3 . 1 3 ) ^ r e s p e c t i v e l y . ) l i s t e d in Table 3 .5 are found to 
i n c r e a s e with i n c r e a s e in the mole f r a c t i o n of NaNO^ and 
d e c r e a s e with i n c r e a s e in the R v a l u e . The c h a r a c t e r i s t i c 
It 
t e m p e r a t u r e , T , c a l c u l a t e d us ing e q u a t i o n s ( 3 . 5 ) and (3 .14) 
for the b ina ry and the t e r n a r y m i x t u r e s , r e s p e c t i v e l y , 
(Table 3.6) i n c r e a s e s wi th i n c r e a s e in t empera tu re f o r the 
samples; under i n v e s t i g a t i o n and d e c r e a s e s wi th i n c r e a s e in 
the mole f r a c t i o n of sodium n i t r a t e . 
The v i s c o s i t i e s for the samples [x NaNO^ + (1-x)KNO23+RH2O 
(where R = 6 ,10 ,14 or 15) l i s t e d in Table 3 . 7 , show accep tab le 
agreement between t h e i r c a l c u l a t e d and measured v a l u e s . 
Thus, the F l o r y ' s s t a t i s t i c a l theory which was o r i g i n a -
l l y meant fo r the m o l e c u l a r l i q u i d s , i s found to be e q u a l l y 
a p p l i c a b l e to i on i c l i q u i d s as w e l l . 
PART - I I 
THHFUvlODYNAMiC PROPERTIES OF MIXED ALCOHOLS 
: 97 : 
INTRODUCTION 
A knowledge of the s o l u t i o n proper t i e s for mixed s o l v e n t s 
of two or more components i s required for understanding the 
t r a n s p o r t behaviour as wel l as t h e i r i n d u s t r i a l a p p l i c a t i o n s . 
Some of the common s o l u t i o n p r o p e r t i e s include the d e n s i t y , the 
v i s c o s i t y , the surface t ens ion , the r e f r a c t i v e index and the 
u l t r a s o n i c v e l o c i t y , 
128 
Alcohols are known to be s t rong ly s e l f - a s s o c i a t e d l i q u i d s 
129 
and i t is further be l i eved that for the binary s o l u t i o n s rich 
in a l c o h o l s , a three-dimensional netv/ork of hydrogen bonded 
a lcoho l molecules e x i s t s . 
iVhen a second component i s mixed with a l c o h o l , there 
may be two pos s ib l e contr ibut ions towards the exces s propert ies 
of mixing due to the s t ruc tura l changes in a l coho l : 
( i) the breaking-up of alcohol s tructure into fragments due 
to a d d i t i o n of the second component an ( i i ) the geometrical 
adjus tment of the second component in to the remaining alcohol 
s t r u c t u r e . The f i r s t factor contr ibutes to the p o s i t i v e va lues 
while the second has a negat ive contr ibut ion towards the excess 
: 98 : 
proper! ie s. 
An attempt has been made in the present work to evaluate 
the thermodynamic properties of viscous flow, using the density 
130 
and the v i s c o s i t y data reported e a r l i e r , for the binary 
sys tems: ( i ) benzyl a lcohol + iso-amyl a lcohol and ( i i ) benzyl 
a lcoho l + i s o - p r o p y l a l c o h o l . 
CALCULATION OF THERMODYNMUC PROPERTIES: 
D e n s i t i e s at required temperatures are ca lcu la ted using 
the l e a s t squares f i t t e d parameters from the reported data 
with the he lp of the dens i ty equat ion , / = a-bT. 
Molar volume, Vm, of the mixtures have been ca lcu la ted 
from the co r r e spond ing mixture d e n s i t i e s using the r e l a t i o n , 
XM, + (l-x)Mo 
Vra = ^ ' . (4 .1 ) 
The e n e r g i e s of a c t i v a t i o n for v i scout "low, AG , were ca lcu-
131 
l a t e a us ing the Eyring v i s c o s i t y equat ion , 
hN ^G*/R'T 
T1 = ^ e (4 .2) 
where h i s the P lanck ' s constant , N the Avogadro's number, 
: 99 : 
iV the u n i v e r s a l gas c o n s t a n t and T the ab so lu t e tempera ture 
The e n e r g i e s of a c t i v a t i o n for v i scous flow, AG , a t 
the r e q u i r e d t e m p e r a t u r e s are obtained using the r e l a t i o n , 
AG* = AH* - T A S * (4.3) 
• * 
for mix tu re s of s e v e r a l compos i t ions . The terms AH and A S 
are the e n t h a l p y and the entropy of v i s c o u s f low, r e s p e c t i v e l y . 
Combining e q s . ( 4 . 2 ) and ( 4 . 3 ) , l i n e a r p l o t s have been obta ined 
tor 
Ti Vjjj , 7 0 
Rln (~"uM~-) Vs Y q u a n t i t i e s . 
RESULTS AND DISCUSSION 
For a l l the composit ions of the binary mixtures and 
a l s o for the two pure components, the p l o t s indicate an almost 
p a r a l l e l l i n e a r p a t t e r n . From the c o i _ a l a t i o n p rocedu re , AH 
va lue s are ob ta ined from the s l o p e s of the c u r v e s , whi le AS 
v a l u e s are ob t a ined from the i n t e r c e p t s . For a l l the composi-
t i o n s , the p l o t s i n d i c a t e t h a t A H va lues are almost c o n s t a n t 
in the i n v e s t i g a t e d temperature range (Tables 4 . 3 and 4 . 4 ) . 
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The free e n e r g i e s of a c t i v a t i o n of v i s c o u s f low, AG , 
have been c a l c u l a t e d for the binary systems, benzyl alcohol + 
iso-amyl alcohol and benzyl a lcohol + i so -propyl a lochol 
(TaDles 4 .1 and 4 .2) us ing e q u a t i o n ( 4 , 2 ) and a computer 
program in f o r t r a n language (g iven in appendix) . 
r)Vrr, 
On the b a s i s of the f a c t tha t the p l o t s of R'£n(-y^)Vs l /T 
• re l i n e a r ( f i g s . 4 .1 and 4 .2) for a l l the binary systems of benzyl 
a l coho l + i so-amyl a lcohol and benzyl a lcohol + i so-propyl 
a l c o h o l , i t may be suggested that the mechanism of v i s cous 
flow for these b ina ry mixtures i s a thermally ac t iva ted p r o c e s s . 
• 
The va lues of AH are a l l p o s i t i v e and are a lmost 
c o n s t a n t . As r e g a r d s A S v a l u e s , these are a l l nega t ive and 
dec rease with increase in concentrat ion of benzyl a lcohol in 
both the sys t ems . A br ie f examination of t a b l e s 4 . 3 and 4.4 
r e v e a l s t h a t t he re i s very small d i f f erence in the va lues of 
A.J in pas s ing from one pure s o l v e n t to the o ther . 
An a t t empt i s made to exp la in the r e s u l t s using E y r i n g ' s 
131 
h y p o t h e s i s of the f low mechanism Which expla ins the flow p rocess 
by the movement of d i s l o c a t i o n s o r d iscc t i i n u i t i e s in the f l u i d 
: 102 
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l a y e r s . In a dynamic steady s t a t e and in an overs impl i f i ed 
p i c t u r e , the movement of a d i s l o c a t i o n by one layer p o s i t i o n 
r e q u i r e s the cooperat ion of a t l e a s t two moving elementary 
u n i t s : One i s moving out of the standard p o s i t i o n and requires 
energy, and the other i s moving into t h i s c a v i t y and g i v e s up 
e n e r g y . The re fo re , the enthalpy of a c t i v a t i o n of v i s c o u s flow 
could be taken as a measure of the degree of cooperation between 
the s p e c i e s t ak ing part in the flow p r o c e s s . In the l i q u i d 
s t a t e , the opportunity of the formation of many d i s c o n t i n u i t i e s 
i s warranted by s t a t i s t i c a l f l u c t u a t i o n s of l o c a l d e n s i t y . In 
the low temperature range, as wel l as for h ighly structured 
components, a considerable degree of order i s expected and the 
t r a n s p o r t phenomena w i l l take place cooperat ive ly when the 
breaking in the o rde red and polymerized f l u i d s tructure becomes 
very qu ick , by increas ing the temperature or by adding a compo-
nent that breaks a homopolymer hydrogen-bond network, the 
movement of the indiv idual u n i t s becomes more disordered and the 
cooperation degree i s reduced thus decreas ing the overa l l mole-
c u l a r o rde r in the system and the p o s i t i v e va lues of Z\ S* should 
70 
thus be e x p e c t e d . 
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TABLE 4 . 3 : ENTHALPY (AH*) AND ENTROPY ( A S * ) OF ACTIVATION 
OF VISCOUS FLOW FOR BENZYL ALCOHOL + ISO-AMYL 
ALCOHOL SYSTEMS. 
AS 
( J raol~-^ K"^) 
- 5 7 . 2 4 3 
- 5 8 . 2 9 3 
-58 .640 
- 5 8 . 9 8 3 
-59 .235 
-59 .930 
- 6 0 . X 3 
- 6 0 . 9 1 3 
- 6 1 . 4 2 3 
-62 .257 
-62 .876 
SYSTEMS 
A 
B 
C 
D 
-
F 
O 
H 
I 
L 
W 
AH 
( k J mol"-^) 
60.086 
60.086 
60.075 
59.789 
60.086 
59.853 
59.937 
60.086 
60.071 
60.086 
59.931 
: 1C5 
0 305 3.10 315 3-20 3 25 330 3-35 3-^0 
1/T X 10^ 
^ V, 
Fig. 4.1: Plots of R'^n ( ^^ •) versus ^ x 10 for 
benzyl alcohol + iso-amyl alcohol systems. 
: 106 : 
TABLE 4 . 4 : ENTHALPY ( AH*) AND ENTROPY ( AS*) OF ACTIVATION 
OF VISCOUS FLOW FOR BENZYL ALCOHOL + ISO-PROPYL 
ALCOHOL SYSTEA\S. 
AS 
( J mol'-'- K'^) 
-154.745 
-156.182 
-157.401 
-158.502 
-159.631 
-160.934 
-162.529 
-163.491 
-165.325 
-166.647 
-168.101 
SYSTcJv'iS 
A 
3 
c 
D 
E 
F 
G 
H 
I 
L 
1 I 
1.", 
A H 
( k J mol""-'-) 
28.674 
28.674 
26.795 
26.795 
26.795 
28.674 
26.795 
28.674 
26.795 
28.674 
28.674 
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0 305 310 315 3-20 3 25 3-30 3-35 3-^0 
1/T X 10^ 
F i g . 4 .2 : P lo t s of R»/n ( - p ^ ) versus ^ x 10 for 
benzyl alcohol + iso-propyl alcohol systens 
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In the systems under i n v e s t i g a t i o n , negat ive /:iS va lues 
are o b t a i n e d , v/hich can be explained on the bas i s of the forma-
t ion of a s t r o n g e r hydrogen-bond network on addit ion of second 
a lcoho l component to the f i r s t one which i s expected to i nc rease 
t.\e c o o p e r a t i o n degree thus causing more ordered movements of 
-K-
individual u n i t s and would give r i s e to negat ive AS v a l u e s . 
PART - I I I 
Cu:,i:.ThuCT.LON OF LiiBRGY-LEVEL DIAGRA/;.S FOR THE INTRA-
C0;\:-ioUnATIONAL TRANSITIONS IN ^•.IXED-LIGAND-TRANSITION 
METAL IONS 
: 109 : 
INTRODUCTION 
.^ ickel tetrahalo tetrahedral complex ionic special 
navL Deen selected for predicting the probable transitions 
2- 2- 2- 2- 2-
in Nil3Br , Nil2Br2 , NilBrg , NiBr^Cl , NiBr2Cl2 , 
2- 2- 2- 2-
•MBrClg , N i l ^Cl , Ni l2Cl2 and Ni lC l^ l i k e 
2 - 2 - 2 -
those in '•'^^1^ , NiBr. and NiCl. . The interionic inter-
actions in each of these complex ionic s '>'^ cies may var/ in 
succi-ss J.V e replacements of iodides by bromide ions, bromidf' 
by cnloride ions, and also iodides by chloride ions. The 
. L- . J urtiiien lb oi density, viscosity, equivalent conductance, 
surface tension, molar refraction/refractive index of the 
systems having these ionic species as well as that of the 
ultrasonic velocity through them may throw some liaht on tn^ -
v'^ ri ition of i r^.terionic/intermiolecular interactions, provide^ 
cn.in>;«.-s in ttieso oroperties/behaviour are perceptible for 
2- 2-
1 <. . 1 ••^w , v i^ix c 1 ltit>oe S j j t ^ c i e s , i \ ' iCl, ,Br,-) , N i C l „ I ^ and 
^~ 132 
i.inr.)!^  have already been reported earlier in which the 
ccree.T.ent in tne predicted energies of transitions and those 
or th- experimental values has been excellent. This has. 
: 110 : 
therefore, led to compute the possible energies of transitions 
in ail the possible types of mixed halide nickel complex ions. 
This was achieved by solving the Liehr-Ballhausen matrices 
using the ligand-field strength and the two electron-electron 
repulsion parameters in the proportion 
2- 2-> 2- 2— 
f ~[Nil4J + ^[NiBr^] i , [^[Nil^] + ^ [NiBr^] ^ , 
o O ^ 0— 2— 
^ ^[MilJ " + |[niBi-4] "; , ^ |[Nil4] + ^[NiCl^] 
2— 2—") 2— —2 1 
\ |[NiBr4] + ^ [KiCl^] V , ^  ^[NiBr^] + ILNICI^] ^ , 
i 1 2 - 3 2-; 2- 2- 2-
; ^[M3r^] + ^[NiCl.] f for the Nil^Br , Nil2Br2 , iNilBr^ j^ 
2- 2- 2- 2- 2-
.,iI^ Cl , i\'il2Cl2 , NiICl3 , NiBr CI , NiBr2Cl2 and 
r.iorClo f respectively. The resulting twenty eneray levels 
for some of tnese species have been tabulated (Tables 5.1 to b.9 
'ir\6 rev. of these have also been shown in the diagrams (Fig5.5.1 
to b.6). The details of computation are given in the Appendix. 
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CONSTRUCTION OF ENERGY-LEVEL DlAGRANiS 
2,8 
The four-parameter model for nd confiquration has 
133 
oeen derived by Liehr and Ballhausen . It consists.of five 
secular equations which yield eigen values and eigen-vectors 
of twenty electronic states as functions of the four ligand-
field parameters, B, Gamma, Lambda and D . Here B is the 
Racah's B, 'Gamma' is the Racah's C/B, 'Lambda' is the spin-
orbjr couplim constant and D is the ligand-field strenqth 
oarc:meter. The five Liehr-Ballhausen matrices are labelled as 
'G/--;,..- Ldh, GA.,,.„'\ Tl\0, GMwvA THREE, GAi^ J.^  FOUR and GAMA'^  FIVL.', 
respectively. Racah's parameters B and C are related to tne 
parameters F^ and F^  used in the Liehr-Ballhausen secular 
equations through the expressions, B = Fp-SF. and C = 35 F.. 
Approximate values of these adjustable parameters, F^ and r\ are 
134 
obtained by using the following relations for the differences 
3., 
^ P - F and 'J-' r from t h e e x p e r i m e n t ( f o r T , ( P ) <• T j _ ( r ) 
and -^E(D) 3. ' T , ( F ) t r a n s i t i o n s ) , 
Ei^p..^F) = 15 F2 - 75 F4 
h ( • ' D - ^ ^ ) = 5 F2 + 45 F^ 
: 112 : 
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TABLE 5.1; CALCULATED ELECTRONIC ENERGY LEVELS OF NiCl^ IONS 
ORBITAL-
LEVELS 
\ ( F ) 
h^{F) 
3A2(F) 
^T2(D) 
^H(D) 
\ ( P ) 
^T2(G) 
^T^(G) 
> = -
1 
4 
3 
5 
4 
5 
3 
2 
5 
5 
3 
5 
3 
4 
1 
5 
4 
275 
D = 0 
q 
0 
0 
0 
0 
1,119 
1,119 
1,119 
1,856 
1,856 
10 ,103 
10 ,103 
12 ,071 
12 ,071 
12 ,219 
12 ,423 
15,619 
15,619 
- 1 
- ENERGY (cm ) 
B = 7 4 0 . 0 
D = 50 
q 
0 
120 
237 
496 
1,399 
1,401 
1,532 
2 ,028 
2 ,384 
10,316 
10,490 
12,345 
12,409 
12,525 
12,728 
15,749 
16 ,032 
C / B = 3.97 
D = 100 
q 
0 
196 
433 
802 
1,701 
1,734 
1,931 
2 ,244 
3,085 
10 ,513 
10,313 
12 ,628 
12 ,733 
12 ,843 
13 ,045 
15,910 
16,430 
D = 150 
q 
0 
244 
585 
956 
2,074 
2 ,099 
2 ,345 
2 ,508 
3,878 
10 ,693 
11,082 
12,922 
13 ,036 
13 ,173 
13 ,374 
16,102 
16,844 
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^E(G) 
GRBITAi 
LEiVELS 
^T. IF) 
^A2lF) 
^T2(D) 
•E(D) 
•T2(G) 
•T^(G) 
•A^(G) 
•E(G) 
1 
3 
1 
1 
4 
3 
5 
4 
5 
3 
2 
5 
5 
3 
5 
3 
4 
1 
5 
4 
15,619 
15,619 
^7 ,761 
1 6 , 1 1 1 
16,000 
38,074 
Dq = ?00 
0 
276 
699 
1,031 
2,485 
2,486 
2,764 
2,813 
4,721 
10,854 
11,298 
13,226 
13,335 
13,513 
13,713 
16,324 
17,263 
17,486 
17,732 
39,184 
\ — 
0 
298 
783 
1,072 
2,910 
2,886 
3,188 
3,152 
5,591 
10,996 
11,468 
13,543 
13,639 
13,863 
14,061 
16,574 
17,687 
17,909 
18,457 
39,609 
50 
16,586 
16,487 
38,416 
17,044 
17,069 
38,786 
D = 300 
0 
313 
845 
1,095 
3,342 
3,298 
3,617 
3,517 
6,481 
11,119 
11,597 
13,872 
13,954 
14,222 
14,418 
16,849 
18,116 
18,314 
19,229 
40,062 
D = 350 
0 
325 
892 
1,109 
3,778 
3,718 
4,050 
3,901 
7,382 
11,226 
11,692 
14,213 
14,283 
14,590 
14,783 
17,148 
18,549 
18,700 
20,038 
40,542 
: 114 : 
ORBITAL 
LEVELS 
\ ( F ) 
% ( F ) 
\ ( F ) 
^T2(D) 
^E(D) 
^T^(F) 
^T2(G) 
^T^CG) 
^T^(G) 
^E(G) 
A ^  ( 3) 
1 
4 
3 
5 
4 
5 
3 
2 
5 
5 
3 
5 
3 
4 
1 
5 
4 
1 
3 
1 
D = 400 
q 
0 
334 
926 
1,118 
4,216 
4,144 
4,487 
4,300 
8,290 
11,319 
11,762 
14,567 
14,627 
14,965 
15,155 
17,466 
18,985 
19,069 
20,875 
41,049 
D = 450 
q 
0 
341 
953 
1,123 
4,657 
4,576 
4,927 
4,711 
9,200 
11,404 
11,810 
14,929 
14,985 
15,347 
15,534 
17,806 
19,425 
19,419 
21,733 
41,581 
D = 500 
q 
0 
346 
9 7 3 
1,125 
5^^099 
5,013 
5,371 
5,131 
10,101 
11,493 
11,843 
15,303 
15,355 
15,736 
15,919 
18,160 
19,869 
19,751 
22,608 
42,138 
: 115 : 
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TA3LE 5 . 2 : CALCULATED ELECTRONIC ENERGY-LEVELS OF NiBr3Cl 
IONS 
- 1 
ENERGY (cm ) 
OKEITAL 
LEVELS 
^T^ (F ) 
3 , , . 
'2 
>^  = - 275, B = 695 C/B = 3.900 
F2 = 1082 .214 , . ^ = 77 .443 
-T^ D = 338 D = 339 D = 340 
I q q q 
1 0 0 0 
4 322 322 323 
3 879 880 881 
5 1,104 1,104 1,104 
^ T ^ ( F ) 4 3 , 6 2 2 3 , 6 3 1 3 ,639 
5 3 , 6 7 2 3 , 6 8 1 3 , 6 8 9 
3 3 , 8 1 0 3 , 8 1 8 3 , 8 2 6 
°q 
I 
 
: 
 
 
3; 
1 
10, 
10, 
13, 
13 , 
13 , 
14 , 
 3  
0 
 
 
,  
, 952 
, 1 6 1 
,519 
,936 
, 4 6 1 
,529 
,839 
025 
2 ,952 3 ,961 3 ,970 
A^(F) 5 7 , 7,179 7 ,197 
^T (i:) 5 10,521 10,523 
•^ L(D) 3 10,938 10,939 
~^ T^ (P) 5 13,468 13,475 
13,536 13,543 
4  13,846 13,854 
1  14,032 14,040 
: 116 
^T^IG) 
^T^(G) 
-Aj^ (G) 
^E(G) 
^A^(S) 
5 
4 
1 
3 
1 
16,124 
17,457 
17,584 
18,934 
37,896 
16,130 
17,466 
17,591 
18,951 
37,906 
16,137 
17,475 
17,599 
18,967 
37,916 
: 117 : 
A0,000 
36.000 
32,000[-
28,000 
5 2A,000 
c 
>j 20,000 en 
[NiCIBr3] 2-
B = 695 
^= 3-9 
7< = - 2 7 5 
' A , ( S ) 
E ( 5 ) 
50 100 150 200 250 300 350 AOO A50 500 
DqCcrrfb 
2-
Fig. 5.1: Energy-level diagram for [NiClBro] . 
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TA3LE 5 . 3 : CALCULATED ELECTRONIC ENERGY-LEVELS OF NiBr2Cl2 
IONS 
- 1 
ENERGY (cm ) — 
\ = - 2 7 5 , B = 7 1 0 , C/B = 3 . 9 3 0 
F2 = 1 1 0 8 . 6 1 4 , F4 = 7 9 . 7 2 3 
ORBITAL 
LEVELS 
^T^(F) 
%_(f) 
"•2 ^ -" ^ 
^T.,(ij) 
4:. 
^L(D) 
^Tj_(P) 
T 
1 
4 
3 
5 
4 
5 
3 
2 
5 
5 
3 
5 
3 
4 
1 
Dq = 344 
0 
323 
885 
1,106 
3,671 
3,725 
3,856 
4,002 
7,271 
10,766 
11,198 
13,726 
13,795 
14,104 
14,292 
Dq = 345 
0 
324 
886 
1,106 
3,679 
3,733 
3,864 
4,011 
7,289 
10,768 
11,200 
13,733 
13,802 
14,111 
14,300 
Dq = 346 
0 
324 
887 
1,107 
3,688 
3,742 
3,872 
4,020 
7,3U7 
10,770 
11,202 
13,740 
13,808 
14,119 
14,307 
: 119 
1^V,(G) 
^T^(Gj 
^A^(3) 
^E(o) 
^A,(S) 
5 
4 
1 
3 
1 
16,486 
17,846 
17,980 
19,343 
38,825 
16,492 
17,855 
17,987 
19,359 
38,835 
16,498 
17,864 
17,995 
19,376 
38,845 
: 120 : 
A0,000 
36,000 
32,0001 
Tg 28,000 
o 
- 2A,000 
^ 20.000 
UJ 
le.oooi-
[NiCl2Br2] 
G = 710 
^ = 3-930 
^ = - 2 7 5 
2 -
'A , (S ; 
' E (0) 
0 50 100 150 200 250 300 350 400 A50 500 
Dq (crrfb 
Fig . 5 ,2: Energy-level diagram for [NiCl2Br2] 
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TADLE 5 . 4 : CALCULATED ELECTRONIC ENcRGY-LEVELS OF NiBrCl^ lOl'lS 
- 1 
ENERGY (cm ) 
A = - 2 7 5 , 3 = 7 2 5 , C/B = 3 . 9 5 0 
ORBITAL 
LEVELS 
^T^(E} 
^T2(F) 
% ( F ) 
^^(iJ) 
'ciD 
3T^(P) 
1 ^, V '^3 ) 
T 
1 
4 
3 
^ 
4 
5 
3 
2 
5 
5 
3 
5 
3 
1. 
5 
F2 = 1134.107, F^ = 
Dq = 351 
0 
325 
891 
1,108 
3,728 
3,786 
3,910 
4,061 
7,399 
11,003 
11,451 
13,997 
14,066 
14,376 
14,567 
16,841 
Dq = 352 
0 
325 
892 
1,109 
3,736 
3,795 
3,918 
4,069 
7,417 
11,005 
11, 4'^ '^^  
14,004 
14,073 
14,384 
14,574 
16,847 
81.821 
D = 353 
0 
325 
893 
1,109 
3,745 
3,804 
3,926 
4,078 
7,435 
11,007 
11,454 
14,011 
14,079 
14,391 
14,582 
16,853 
: 122 
h (, J 
^ A j _ ( S ) 
4 
1 
X 
3 
1 
18,231 
18,369 
19,756 
39,721 
18,240 
18,377 
19,772 
39,731 
18,249 
18,384 
19,789 
39,741 
: 123 • 
40,000 
36,000 
32.000 
28,000 
'E 24,000 
[NiCl3Br] 
r3 =725 
^ =3-950 
> = - 2 7 5 
2-
'A,(S1 
'E (0) 
50 n o o 150 200 250 300 350 AOO 450 500 
DqCcnrfb 
2 -Fig . 5 .3 : Energy-level diagram for [NiCl^Br] " . 
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TABLE 5 .5 : CALCJLATED ELECTRONIC ENERGY LEVELS OF N i B r . IONS 
4 
136 
ENERGY (cm"^) 
ORBITAL 
LEVELS 
^ T , ( F ) 
' T O ( F ) 
^A2(F) 
^E(D) 
^T,(.P) 
1 
4 
3 
5 
4 
5 
3 
2 
5 
5 
3 
5 
3 
4 
1 
•T .CG) 5 
A = - 2 7 5 , 
D = 0 
q 
0 
00 
00 
00 
1 , 8 5 1 
00 
1 ,121 
1 ,121 
1 ,851 
9 , 2 1 5 
9,215 
1 1 , 1 7 5 
1 1 , 1 7 5 
1 1 , 3 2 1 
1 4 , 3 0 4 
1 4 , 3 0 4 
NiB] 
B = 680.00 C/B = 3.88 
D = 5 0 
q 
0 
120 
237 
495 
1 , 3 9 9 
1 , 4 0 3 
1 , 5 2 4 
2 , 0 2 1 
2,376 
9,429 
9 ,596 
1 1 , 1 4 8 
1 1 , 5 1 3 
1 1 , 6 2 7 
1 1 , 8 2 2 
1 4 , 4 3 5 
D = 100 
q 
0 
196 
433 
802 
1,699 
1,736 
1,933 
2,239 
3,079 
9,626 
9 ,912 
1 1 , 7 3 0 
1 1 , 8 3 0 
1 1 , 9 4 7 
1 2 , 1 4 1 
14,601 
D = 150 
q 
0 
244 
584 
956 
2 , 0 7 1 
2 , 1 0 2 
2 , 3 4 8 
2 , 5 0 4 
3,873 
9,805 
10,166 
12,024 
12,132 
12,279 
12,471 
14,800 
: 125 
^T^(G) 
1 , . . . X 
' (-3) 
OHBITAL 
LLV:;LS 
3. 
'1'' 
"Ir 
A2(F) 
4 
1 
3 
1 
To(3) 
1 
4 
3 
5 
3 
2 
5 
5 
5 
3 
4 
1 
•T 1 ^  '. 
14,304 
11,516 
14,304 
34,355 
Dq = 200 
0 
276 
698 
1,031 
2,432 
2,490 
2,769 
2 ,811 
4,716 
9,963 
10,367 
12,329 
12,429 
12,622 
12,812 
15,032 
15,051 
14,707 
14,794 
14,690 
34,669 
% = 250 
0 
298 
782 
1,070 
2,908 
2,892 
3,195 
3,152 
5,589 
10,101 
10,520 
12,647 
12,734 
12,975 
13,163 
15,293 
16,376 
15,115 
15,267 
15,190 
35,015 
0 
314 
843 
1,092 
3,341 
3,305 
3,625 
3,519 
6,477 
10,220 
10,633 
12,979 
13,053 
13,338 
13,523 
15,581 
16,807 
15,530 
15,720 
15,794 
35,392 
Dq = 300 Dq = 350 
0 
325 
889 
1,106 
3,778 
3,727 
4 ,060 
3,906 
7,376 
10,324 
10,714 
13,323 
13,388 
13,709 
13,891 
15,893 
17,241 
: 126 : 
1 ..^ 
« , I G ) 1 
•^E(G) 3 
U vo; 
LEVELS 
4 
3 
5 
% ( F ) 4 
5 
3 
2 
' ^ , ; F ) 5 
1. 
^ 2 ^ ^ ^ 5 
1. H(D} 
i 
J 
3 
4 
1 
I i ( G ) 
\ ( S ) 1 
1 6 , 1 5 5 1 6 , 5 6 9 
1 6 , 4 7 8 1 7 , 2 2 4 
35,800 36,237 
16,963 
18,016 
36,705 
Oq = 4,30 Dq = 450 D^ = 500 
0 
334 
923 
1,114 
4,216 
4,155 
4,499 
4,307 
8,279 
10,417 
lu,771 
13,680 
13,739 
14,089 
14,267 
lo,226 
17,680 
17,691 
19,693 
37,728 
0 
340 
949 
1,118 
4,657 
4,590 
4,942 
4,720 
9,171 
10,516 
10,809 
14,048 
14,104 
14,476 
14,650 
16,578 
18,122 
18,025 
20,564 
38,281 
0 
346 
969 
1,120 
5,100 
5,028 
5,387 
5,142 
9,998 
10,619 
10,833 
14,426 
14,481 
14,869 
15,039 
16,945 
18,568 
18,340 
21,451 
38,861 
17,337 
18,842 
37,202 
: 127 : 
Then these paran^eters are varied until they give energy levels 
reasonably close to those obtained experimentally. 
The b.-jnd assignments have been discussed using Bethe's 
symbols, p' to give the spin-orbit representation and is 
folioweci by iV.uliiken's notation for the orbital representation 
h'.io thf- freo-ion term from which a state is derived is given in 
parentheses. Thus, the ground electronic state of nickel (II) 
- _ « « M - . 'J 
in a tetrahedral field, |^ is denoted as | ^ : Tj^(F). Thr ee 
transitions are spin-allowed, two of which are orbital transiti-
ons 
3 
. TJ_5 ' ^T2(F) ^  -|7 : ^ T^(F), and T ? : %(^') ^  
T,(F) and the third one is from the ground to the excited aJlowed 
electronic state, "T^ : ^ T^(P) <— ~Yl : ^ T^(F). The first 
tr.'-.nsition lo not recorded although its po ' tion is established 
at'^ ACOC cm •*". The remaining two transitions have been reported 
by several authors and agree with those found in the present cise 
a t ---^  7 ,j r)OU and 14,280 cm , respectively. In aiidition to the 
:j!jin-di lowed transitions, few extremely weak bands have also been 
v-portfj, wh.ich are due to spin-f orbidden transitions from the 
ground electronic state |£ : Tj^ (F) to the excited singlets. 
: 128 : 
>3C 
TABLE 5 . 6 : CALCULATED ELECTRONIC ENERGY LEVELS OF N i l ^ IONS 
ORBITAL 
LEVELS 
^Tj,(F) 
% ( F ) 
% ( F ) 
'T^ID) 
^E(D) 
\ ( P ) 
^ 2 ^ ^ ) 
Hj^CG) 
1 
4 
3 
5 
4 
5 
3 
2 
5 
5 
3 
5 
3 
4 
1 
5 
4 
A = - 275 
D = 0 
q 
0 
00 
00 
00 
1,123 
1,123 
1,123 
1,851 
1,851 
8,172 
8,172 
10,003 
10,003 
9,178 
9,377 
13,233 
13,233 
r- i trr -0(" ' \ / 
B = 537 
D = 5 0 
q 
0 
121 
238 
495 
1,405 
1,400 
1,526 
2,023 
2,377 
8,460 
8,490 
10,201 
10,391 
9,486 
9,685 
13,368 
13,635 
C r m " ^ ^ 
^ cm ; 
C/B = 5 
D = 100 
q 
0 
196 
433 
803 
1,739 
1,699 
1,937 
2,241 
3,081 
8,750 
8,801 
10,387 
10,678 
9,809 
10,008 
13,548 
14,045 
. 5 1 
D = 150 
q 
0 
244 
585 
956 
2,108 
2,073 
2,356 
2,506 
3,879 
9,037 
9,104 
10,567 
10,889 
10,148 
10,344 
13,768 
14,464 
: 129 : 
\{G) 1 13,233 13,723 14,198 14,655 
1,^  
E(G) 3 13,233 13,634 14,178 14,837 
^A^(S) 1 33,449 33,765 34,112 34,492 
ORBITAL D = 200 D = 250 D = 300 D - 35n 
LEVELS q q q ^ ^ ^q - -^^^ 
\ ^ F ) 1 0 0 0 0 
3 
4 275 297 312 
3 698 781 8 4 1 
5 1 ,028 1 , 0 6 6 1 , 0 8 6 
323 
885 
1 ,097 
% ( F ) 4 2 , 4 9 9 2 , 9 0 7 3 , 3 2 5 3 , 7 5 2 
5 2 , 4 8 8 2 , 9 1 8 3 , 3 5 6 3 , 7 9 7 
3 2 , 7 8 0 3 , 2 1 1 3 , 6 4 7 4 , 0 8 7 
2 2 , 8 1 8 3 , 1 6 4 3 , 5 3 6 3 , 9 2 8 
% ( F ) 5 4 , 7 2 6 5 , 6 0 2 6 , 4 9 6 7 , 4 0 0 
^T2(D) 5 9 , 3 0 9 9 , S 5 6 9 , 7 6 7 9 , 9 3 9 
''^ ''^  ^ 9'391 9,653 9,876 10,050 
TiiP) 5 10,750 10,950 11,181 
3 1 1 , 0 5 8 1 1 , 2 2 2 1 1 , 4 0 7 
4 1 0 , 4 9 9 1 0 , 8 6 3 1 1 , 2 3 7 
1 1 0 , 6 9 4 1 1 , 0 5 5 1 1 , 4 2 6 
•^T2i.G) 5 1 4 , 0 2 6 1 4 , 3 8 1 1 4 , 6 3 9 
Tl(.G) 4 1 4 , 8 8 9 1 5 , 3 1 9 1 5 , 7 5 4 
1 1 , 4 3 0 
1 1 , 6 3 3 
1 1 , 6 2 0 
1 1 , 8 0 6 
1 4 , 9 8 4 
1 6 , 1 9 5 
: I X : 
^A^{G) 1 15 ,093 1 5 , 5 1 3 15 ,913 
^a(G) 
\(s) 
ORBITAL 
LEVELS 
^T^(F) 
^T^iF) 
% ( F ) 
^T2(U) 
h{D) 
^T^(P) 
^ 2 ( 2 ^ 
^T^(G) 
3 
1 
1 
4 
3 
5 
4 
5 
3 
2 
5 
5 
3 
5 
3 
4 
1 
5 
4 
15,580 
34,902 
D = 400 
q 
0 
332 
917 
1,103 
4 ,187 
4 ,242 
4 ,532 
4,335 
8,306 
10,079 
10 ,176 
11,757 
11,905 
12,012 
12,195 
15,350 
16,639 
16,380 
35 ,344 
D = 450 
q 
0 
338 
941 
1,105 
4 ,627 
4 ,668 
4 , 9 8 1 
4 ,755 
9 , 1 9 3 
10,214 
10 ,262 
12 ,097 
12 ,219 
12 ,412 
12 ,591 
15 ,733 
17 ,088 
17 ,218 
35 ,816 
D = 500 
q 
0 
342 
959 
1,105 
5 ,072 
5 ,136 
5 , 4 3 3 
5 ,183 
9 ,911 
10,500 
10 ,316 
12 ,462 
12 ,567 
12,819 
12 ,995 
16,130 
17 ,542 
16 ,293 
18,085 
36,318 
•^Aj(G) 
^E(G) 
^Aj(S) 
1 
3 
1 
16,653 
18,971 
36,848 
16,994 
19,872 
37,406 
17,316 
20,786 
37,991 
: 131 : 
: 132 : 
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TABLh 5 . 7 : CALCULAT£D LLECTRONICS ENERGY-LEVELS OF N^l3Cl 
IOi\'S 
OKi^ITAL 
LEVELS 
^T^(F) 
^T^CF) 
^A2^''^ 
^T^ID) 
f^c(D) 
^T^CP) 
X -
-p 
1 
4 
3 
5 
4 
fi 
3 
2 
5 
5 
3 
c:. 
3 
4 
1 
ENERGY 
- 275, B = 
F2 = 1010.520, 
D = 337 
0 
321 
876 
1,098 
3,630 
3,676 
3,817 
3,961 
7,159 
10,271 
10,485 
12,029 
12,183 
12,263 
12,452 
-1 
( c m ) •-• ' -
588, 
F4 = 84 
D = 338 
0 
321 
877 
1,098 
3,639 
3,685 
3,825 
3,970 
7,177 
10,274 
10,488 
12,035 
12,189 
12,271 
12,459 
C/B 
.504 
J 
= 5.030 
Dq = 339 
0 
321 
878 
1,098 
3,648 
3,693 
3,833 
3,979 
7,195 
10,277 
10,491 
12,042 
12,195 
12,278 
12,467 
: 133 : 
IT / -) 
i 2 V ^  / 
^ T ^ . G ) 
1 ^ -, > 
^MG) 
^A^(S) 
5 
4 
1 
3 
1 
15,436 
16,678 
16,808 
18,347 
37,272 
lr,443 
16,686 
16,815 
18,364 
37,282 
15,450 
16,695 
16,823 
18,381 
37,292 
: 134 : 
40,000 
36,000 
32.000 
28,000 
^ 2^»,000 
'E 
u 
c 20,000j-
>. 
o ) 6,000)-
UJ 
0 
[NiClli] 
2 -
B = 588 
^ = 5 0 3 0 
7^  = - 275 
' A , ( S I 
200 250 300 
Dq(cnTb 
50 100 150 
Fig. 5.4: Energy-level diagram for [NiClI^] 
350 AOO 450 
2 -
500 
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TASLE 5.8: CALCbLATED ELECTRONIC ENERGY-LEVELS OF Nil2Cl2 IONS 
-1 
ENERGY (cm ) 
OricITAL 
L^VLLS 
^l^ir) 
^T2U-) 
X = 
~r 
1 
A 
3 
t J 
4 
5 
2 
= - 275, 
F^ = 1060 
Dq = 344 
C 
323 
884 
1,103 
3,681 
3,733 
3,865 
4,013 
^A^C-) 
-^^  A-'} V 
I, h {J 
\i^'} 
B = 639, C/B = 4.620 
5 
F, = 84.348 
7,281 
10,620 
10,929 
^T,;^; 
12,760 
3 12,876 
4 13,062 
1 13,252 
5 16,026 
D 
q 
1 
3 
3 
3 
4 
7 
10 
10, 
12, 
12, 
13, 
13, 
16. 
= 345 
0 
323 
884 
,103 
,690 
,742 
,873 
,022 
,299 
,622 
,930 
,766 
, «82 
,070 
,260 
032 
D 
q 
1 
3 
3 
3 
4 
7 
10 
10, 
12, 
l^^ 
13, 
13, 
16, 
= 34 
0 
323 
885 
,103 
,698 
,751 
,881 
,031 
,318 
,624 
,932 
,773 
,888 
,077 
,267 
039 
t 136 : 
- 1 \'^^ J 
1 
^E(G) 
1 • ' . ) 
4 
1 
3 
1 
17,330 
17,465 
18,956 
38,403 
17,339 
17,472 
18,973 
38,413 
17,348 
17,480 
18,990 
38,423 
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A0,000 
36,000 
32.000 
28,000 
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2 -Fig . 5 .5 : Energy-level diagram for [NiCl^I ] " . 
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2 -
iHbLE 5 . 9 : CALCULAIL-J E L L C T R U N I C ENLRGy-LEVELS FOR iNilCl-. ICriS 3 
- 1 
ENERGY (cm ) 
X = - 275, B = 689 , C/B = 4 . 2 7 0 
E^ - 1109.290, F^ = 84.058 
l^  . M^ I T rt i 
LEVELS 
' T ^ ( F ) 
T 2 ( r ) 
1 
T 
i 
4 
4 
D = 350 
q 
0 
324 
890 
1,107 
3,725 
3,781 
3,907 
4,058 
7,386 
2 
5 
l o ,928 
3 11,318 
13,493 
3 13,581 
4 13,840 
1 14,031 
D = 351 
a 
0 
325 
891 
1,107 
3,733 
3,790 
3,914 
4,066 
7,404 
10,930 
11,320 
13,499 
13,587 
13,848 
14,039 
^^ -) 
^m^ 
16,59: 16,599 
D 
q 
1 
1 
3 
3 
3 
4 
7 
10; 
li, 
13, 
13. 
13, 
14, 
16, 
= 352 
0 
325 
891 
,107 
,742 
,799 
,922 
,075 
,422 
,932 
,321 
,506 
,594 
,855 
,046 
605 
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^A^(G) 
^c(G) 
^Mao) 
4 
1 
3 
i 
17,953 
18,092 
19,533 
39,471 
17,962 
18,100 
19,550 
39,481 
17,971 
18,107 
19,567 
39,491 
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A0,000 
36,000 
32,000 
28.0001-
} A , ( S 1 
n = 689 
V = 4 . 27 
> = - 2 7 5 
F i g . 5 .6 : Energy-level diagram for [NiClgl] 
2 -
: 141 : 
These are "J^ : h^{D) -H- T I : ^ T^(F),"T^ : ^ E(D) ^ —"JJ = 
T. 
1 
— r ~ 7 . 1 • / - >) 
1 '1 
~]7 : ^Tj_(F), and ""[^ : ^E(G) 
1, 
"'1.;.-) transitions respectively. The transitions to the 
states are exoectecJ at .—^11,200 and.—'11,700 cm" , respectively 
On tne other hand, for the transitions to the G states, it 
has been found difficult to assign the experimental data to tlie 
5.--CL:ic transitions predicted theoretically. 
..nergy level diagrams shown in Figs. 5.1 to 5.6 have been 
cor.s•rue tec oy computing the energy levels using Liehr-Ballhausen 
secu^j- -rquations on a VAX-1178 computer by a standard matrix-
diagonalization procedure. 
: 142 : 
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APPENDIX-I 
APPENDIX 
PROGRAM THRY (INPUT, OUTPUT); 
CONST 
K = 1.3806E-16> 
R = 8.3143E07} 
Ml = 84.99 
M2 = 101.10 
NA = 6 .023E23; 
VAR 
I , N : I N T E G E H ; 
L,ALi,AL2,Bi ,B2,Al ,A2,T,Vl ,V2,VCl,VC2,VRl,VR2,TRl,TR2,TCl,TC2, 
PCI,PC2,Y1,Y2,BT1,BT2:REAL; 
VR0,V,Xi,X2,Sl,S2,Ql,Q2,V0R,TR,VRE,VRC,VRE2,VE,VR,AL3,A3,PAI,B3, 
NS,TS,VC:REAL.j 
VEC,VEE,X12,PC,TC,DGM,LNMIX,SR,SC,ST,UT,S0,U,D,XVE,STVE,S'IVEC, 
STVE£,E1,E2,FX,LNMIXNE2,NE2,MNE,STNE2,STNE,FQ,E12,QX,NE3:REAL; 
XVR£,S1VR£,STVRE2,MST,STST,STS0,E,F,G,H,D1,D2,N1,N2,N3,T1,T2,T3, 
D3,NE,NT,MN,STNS,STNT:REAL; 
V01,V02,ST1,ST2,TCT1,TCT2,DA1,DA2,Y01,Y02,BS1,BS2,BS,Z1,Z2,Z, 
R1,R2,RQ,RX,UTH1,BSM,BSM,BW1,BW2,B,UTH22,UT2,MUT,S1UT2,S"IUTH22, 
STUTHl, 
V03,ST3,TCT3,DA3,Y03,BT3,Y3,PC3,PI1,PI2,PI3,SHR1,SHR2,SHR3,GP1, 
GP2,GP3:REAL; 
BTlX,BTlY,BTlZ,Bril,BT2X,BT3X,BT2y,BT3y,BT2Z,BT3Z,BT22,BT33, 
TRM:REAL; 
BEGIN 
READLN (N,A1,B1,V1,A2,B2,V2,A3,B3,V,X1,X2); 
T: = 303.15; 
PAI: = 22/7; 
FOR I: = 1 TO N DO 
BEGIN 
READLN(U,T1,T2,TS,N3,D3,T3,U1,U2); 
T: = T+5.0; 
' / /R ITELNC TEMPERATURE ==• T , ' XI = ' , x i ) ; 
ALl: = ( 8 1 * 0 . 0 0 0 1 ) / ( B 1 » 0 . 0 0 0 1 » T + A 1 ) } 
W R I T E L N C ALl = ' ALl ) ; 
AL2: = (B2*0.0001)/ (B2*0.0001*T+A2); 
WRITELNC AL2 = « AL2); 
AL3: = (63*0 .0001)• / (B3*0 .0001*T+A3) ; 
.WRITELNC AL3 = • ,AL3); 
D: = A3 - (B3*0.0001*T); 
Dl: = Al - (B1»0.0001*T); 
D2: = A2 - (B2»0.0001*T) ; 
WRITELNC Dl = ' D l , D2 = ' , 0 2 , ' D = ' ,D) ; 
Nl: = (D1*T1)/(D3*T3))*N3; 
N2: = ( (D2*T2)/(D3*T3))*N3; 
NS: = ((D*TS)/(D3*T3))*N3; 
N£: = NS - ((X1*N1)+(X2*N2)); 
VRl: = ( ( A L l » T / ( 3 + ( 3 * A L l * T ) ) ) + l ) * * 3 ; 
WRITELNC VRl = • VRl) ; 
VR2: = ( ( A L 2 * T / ( 3 + ( 3 * A L 2 * T ) ) ) - H ) » » 3 ; 
V/RITELNC VR2 = = ' , VR2) ; 
VCl: = {V1/D1) /VR1; 
VC2: = (V2 /D2) /VR2; 
VC: = (X1*VC1)+(X2*VC2); 
W R I T E L N C VC =• , V C ) ; 
E l : = V l / D l ; 
E2 : = V2/D2; 
E12 : = V/D; 
W R I T E L N C E l = • , £ ! , • E2 = ' , £ 2 , ' E12 = ' , £ 1 2 ) ; 
TRl : = ( V R l * * ( l / 3 ) - l ) ^ / R l * « ( 4 / 3 ) ) ; 
WRIT£LN(' TRl = • , T R l ) ; 
TR2: = . ( V R 2 » » ( l / 3 ) - l ) / ( V R 2 * * ( 4 / 3 ) ) i 
WRITELNC TR2 = • , T R 2 ) ; 
TCI: = T / T R l ; 
TC2: = T/TR2; 
vo l : = Vl/Al; 
V02: = V2/A2} 
V03 : = V / A 3 ; 
S T l : = 6 , 3 * ( 1 0 , 0 » * ( - 4 ) ) * D l * ( U l * * ( 3 / 2 ) ) - , 
ST2: =. 6 , 3 * ( l 0 . 0 * » ( - 4 ) ) * D 2 * ( U 2 * * ( 3 / 2 ) ) ; 
ST3: = 6 , 3 * ( l O . O * » ( - 4 ) ) * D * ( U * * ( 3 / 2 ) ) ; 
WRITELNC STl = ' S T l , ST2 = • S T 2 , ' ST3 = ' S T 3 ) ; 
WRITELNC v o l = ' , v o l , ' V02 = ' , V 0 2 , ' V03 = • V 0 3 ) ; 
TCTl: = T / ( l - ( ( V 0 l / ( V l / D l ) ) * * ( l 0 / 3 ) ) ) ; 
TCT2: = T / ( l - C ( V 0 2 / ( V 2 / D 2 ) ) * * ( l O / 3 ) ) ) ; 
TCT3: = T / ( l - ( ( V 0 3 / ( V / D ) ) * * ( l O / 3 ) ) ) ; 
vmiTELNC TCTl = • TCTl, ' TCT2 = • TCT2,' TCT3 = ' ,TST3)-, 
DAI: = ( ( ( V l / D l ) / ( 7 . 2 * ( 1 0 . 0 * » 1 9 ) ) ) * ( ( S T l / T C T l ) * * ( l / 4 ) ) ) » * ( 2 / 5 ) ; 
DA2: = ( ( ( V 2 / D 2 ) / ( 7 . 2 » ( 1 0 « 0 » * 1 9 ) ) ) * ( ( S T 2 / T C T 2 ) * » ( l / 4 ) ) ) » * ( 2 / 5 ) ; 
DA3: = ( ( { V / D ) / ( 7 . 2 » ( l 0 . 0 » » 1 9 ) ) ) » ( ( S T 3 / T C T 3 ) » » ( l / 4 ) ) ) » * ( 2 / 5 ) ; 
V/RITELN(' DAI = ' f D A l , ' DA2 = » DA2, DA3 = ' , D A 3 ) ; 
YOl: = (PAI*(DA1*»3)*NA)/(6*<V1/Dl))v 
Y02: = (PAI*(DA2*»3)*NA)/(6*(V2/D2)); 
YC3: = (PAI*(DA3**3)*NA)/(6*(V/D)); 
WRITELNC YOl = 'YOl,' Y02 = ' ,Y02» , Y03 = 'tYOS); 
BTll: = (V1/D1)/(R*T)»{{(1-Y01)»*3)/(1+Y01)); 
BT22: = (V2/D2)/(R»T)*(((l-Y02)»»3)/(l//02)); 
BT33: = (V/D)/(R»T)*(((1-Y03)**3)/(1+Y03)); 
BTIX: = (E1/(R*T))*(((1-Y01)**4)/((1+(2*Y01))*»2)); 
BT2X: = (E2/(R*T))*(((1-Y02)**4/((1+(2*Y02))*»2)); 
BT3X: = (E12/(R»T))»(((1-Y03)**4)/((1+C2*Y03))**2)); 
BTl: =» (E1/(R*T))*(((1-Y01)**3)/(1+(5*Y01)+(9*(Y01»»2))-
(3»(YO.l»*3)))); 
BT2: = (E2/(R»T))*(((1-Y02)*»3)/(1+(5»Y02)+(9»(Y02*»2))-
(3*(Y02»*3)))); 
BT3: = (E12/(R*T))*(((l-Y03)**3)/(l+(5*Y03)+(9*(y03**2))-
(3*(Y03*»3))))} 
BTIY: = (E1/(R»T))»(((1-Y01)»»4)/(H-(4Y01)+(4»(Y01**2))~ 
(4*(Y01»*3))+(Y01»*4))); 
BT2Y: = ( E 2 / ( R * T ) ) ) * ( ( ( l - Y 0 2 ) * * 4 ) / ( 1 + ( 4 * Y 0 2 ) + ( 4 » ( Y 0 2 * * 2 ) ) -
(4*(Y02**3) )+(Y02**4) ) ) ; 
BT3Y: = (E12 / (R*T) )* ( ( (1 -Y03)**4) / (1+(4*Y03)+(4* (Y03**2) ) -
(4*(Y03**3) )+(Y03**4) ) ) ; 
BTIZ: - ( E l / ( R » T ) ) * ( ( ( l - Y 0 1 ) * * 3 ) / . ( l + 3 » Y 0 1 ) ) ; 
BT2Z: = (E2/ (R*T))*( ( (1-Y02)**3) / (1+3*Y02)) ; 
BT3Z: = ( E l 2 / ( R * T ) ) * ( ( ( l - Y 0 3 ) * * 3 ) / ( l + 3 * Y 0 3 ) ) i 
v.RITELNC ISOTHRMAL (XMPRESSIBILITIES—BT1X=',BT1X,' BT2X=',BT2X,' 
.BT3X=' ,BT3X); 
WRITELNC BTl = ' , B T 1 , ' BT2 = » ,BT2, ' , BT3 = • BT3); 
.VRITEiLNC BTIY = ' ,BT1Y, ' BT2Y = ' ,BT2Y, BT3Y = ' ,BT3Y); 
vmiTELNC BTIZ = • ,BT1Z, BT2Z = ' ,BT2Z, BT3Z = ',BT3Z)-, 
W R I T E L N C BTll = ' , B T 1 1 , BT22 = • , B T 2 2 , ' BT33 = ' ,BT33) ; 
P I l : = ( ( 2 * » ( l / 6 ) ) * R » T ) / ( ( ( 2 » * ' l / 6 ) ) » E l ) - ( D A l » ( N A » » ( l / 3 ) ) » 
( E l » * ( 2 / 3 ) ) ) ) ; 
P I2 : = ( ( 2 » » ( l / 6 ) ) * R * T ) / ( ( ( 2 * * ( l / 6 ) ) » E 2 ) - ( D A 2 » ( N A * « ( l / 3 ) ) » 
( E 2 * * ( 2 / 3 ) ) ) ) ; 
P I 3 : = ( ( 2 * » ( 1 / 6 ) ) * R * T ) / ( ( ( 2 * * ( 1 / 6 ) ) * E 1 2 ) - ( D A 3 * ( N A » » ( 1 / 3 ) ) * 
( E 1 2 » * ( 2 / 3 ) ) ) ) ; 
W R I T E L N C INTERNAL PRESSURE P I l = ' , P I l , PI2 = ' , P I 2 , 
P I 3 ) ; 
Yl: = ALl/BTl; 
Y2: = AL2/BT2, 
Y3: = AL3/BT3; 
PCI: = Y 1 » T * ( V R 1 » * 2 ) ; 
PC2: = y2*T*(VR2**2); 
VR; = ((AL3*T/(3+AL3*T)))+l)**3; 
PC3: = Y3«T*(VR*»2); 
VRO: = (V/D)/((X1*VC1)+(X2*VC2)); 
S2: = X2/((X2+X1)*(VC1/VC2)); 
SI: = 1-S2; 
Q2: = S2/((S2+Sl)*((VCl/VC2)**(-l/3)))i 
Ql: = 1-Q2; 
VOR: = (S1*VR1)+(S2*VR2); 
TOR: = ((V0R»«(l/3))-l)/(V0R**(4/3)); 
TR: = (VR0**(l/3)-l)/(VR0**(4/3)); 
VRE: = (V0R»*(7/3))*((4/3)-(V0R**(l/3)))**(-l)*(TR-T0R)J 
VRC: = VOR-VRE; 
VRH2: = VRO-VOR; 
VE: = VRE2*UX1*VC1)+(X2*VC2))-, 
VEC: = ((X1*VC1)+(X2*VC2))*(VR-(S1»E1+S2+E2)); 
VEE: = E12-(X1»E1+X2»E2); 
X12: = PCl*((l-(VC2/VCl)**(-l/6))*((PC2/PCl)**(l/2)))»»2); 
PC: =» (S1*PC1)+(S2*PC2)-(S1*Q2*X12); 
TC: = ((((S1»PC1)/TCI)-»-((S2»PC2)/TC2) )*•)-!) )»((S1*PC1) + 
(S2*PC2,-(S1*Q2*X12)); 
TRM: = ((S1*PC1*TR1)+(S2»PC2*TR2))/(((S1*PC1)+(S2»PC2))-
(S1*Q2*X12)); 
WRITELN (' TR = •, TR», TRM = ',TRM); 
E: = (1/VR1)-(1/VR); 
F: = 3*TRl*LN(((VRl**(l/3))-l)/((VR*»(l/3))-l)); 
G: = (l/VR2)-(l/VR); 
H: = 3*TR2*LN(((VR2**'l/3))-l)/((VR**(l/3))-l)); 
DGM: = (X1*PC1*VC1*(E+F))+(X2*PC2»VC2»(G+H))+(X1*VC1»Q2»X12* 1 2 ) ; 
LNMIX: = - ( D Q ' V ( R * T ) ) + ( l / ( V R - l ) ) - ( X l / ( V r i l - l ) ) - ( X 2 / ( V R 2 - l ) + 
(X1*LN(N1))+(X2*LN(N2))v 
NT: = EXP(LN^\IX)i 
LNMIXNE2: = - ( D G M / ( R » T ) ) + ( l / V R - l ) ) - ( X l / ( V R l - l ) ) - ( X 2 / V R 2 - l ) ; 
NE2: = EXP(LNM0XNE2); 
NE3: = LNMIX-((X1*LN(N1))+(X2*LN(N2))); 
mB: = (N£2+NE)/2; 
BSl: = (1/((U1»1CMD)**2))*(1/D1); 
BS2: = ( l / ( ( U 2 * 1 0 0 ) * » 2 ) ) * ( l / D 2 ) ; 
BS: = ( l / ( ( U » l C 0 ) » » 2 ) ) » ( l / D ) ; 
Z l : = D1*U*100; 
Z2: = D2*U2*100; 
Z: = D*U*100; 
Rl ; = E l * ( ( U l * 1 0 0 ) * » ( l / 3 ) ) 
R2: == E2*( (U2*100)** ( l / 3 ) ) 
RQ: = E12*( (U*100)** ( l / 3 ) ) 
RX: = (Xl*Rl)+(X2*R2)v 
OTHl: = (RX/E12)*«3; 
BSE: = BS-(X1*BS1+X2*BS2); 
BSM: = (X1»BS1)+(X2»BS2); 
BWl: = E l » ( B S l * * ( - l / 7 ) ) ; 
BV/2; = d 2 * ( B S 2 » » ( - l / 7 ) ) ; 
B: = E 1 2 » ( B S * * ( - l / 7 ) ) ; 
UTH22: = ( l / ( ( X1/ (M1*SQRCU1)) )+(X2/ (M2»S(? t (U2)) ) • ( (M1•X1) + 
(M2*X2))) ) • • ( 1 / 2 ) ; 
WRITELNC STNE2 = «, STNS2/ SINE = SSTN^); 
FX: = (X1/(M1*(U1»*2)))+(X2/(M2(U2»*2)))-, 
FQ: = FX»((X1»M1)+{X2»M2)); 
QK: = 1/FQ; 
UT2: = QK**0.5; 
MUTJ « (UTH22+(UTHl+UT2)/3; 
STUT2: = SQRT(( (UT2-MUT)**2) /2 ) ; 
STUTH22: = SCR"^ ! ((UTH22-MUT)**2)/2) ; 
3TUTH1: = SQRT(((UTHl-NWT)**2/2); 
WRITELNC ADIABATIC COMPRESSIBILITY B S l a S B S l , ' 8 3 2 = ' , B S 2 , ' 
as = ',BS); 
SHRl: = BTl/BSl; 
SHR2: = BT2/BS2; 
SHR3: = BT3/BS; 
GPl: = (SHR1-1)/(T*AL1); 
GP2: = (SHR2-1)/(T*AL2); 
GPS: = (SHR3-1)/(T*AL3); 
V/RITELN( 
WRITELNC 
'.VRITELN( 
WRIT£LN( 
WRITELN( 
SPECIFIC HEAT RATIO—SHRl =• , SHR2=',SHR2,' SHR3='SHR3); 
GRIENSEN PARAMETER—GPl =• ,GP1,GP2=' ,GP2' ,'GP3«' ,GP3) ; 
SPECIFIC ACOUSTIC IMPEDENCE Z1=',Z1,' Z2=',Z2, Z=',Z); 
RX = ', RX,' UTHl = ', UTHl); 
BSE = ',BSE,' BSM=',BSM); 
SR: = ((0.33*(VR»*(-5/3)))-(((VR**(l/3))-l)/(VR**2))*LN 
(((VR**(l/3))~0.5)/((VR**(l/3))-l)))/VR5 
SC: = (K**(l/3))»{PC»»(2/3))*(TC**(l/3)); 
ST: - SC»SR*VR; 
UT: = ( S T / ( 6 . 3 * ( 1 0 . 0 * » ( - 4 ) ) * D ) ) * * ( 2 / 3 ) ; 
SO: = ( U * * ( 3 / 2 ) ) * 6 . 3 * ( 1 0 . 0 * * ( - 4 ) ) * D ; 
XVRE:= (VRE+VRE2)/2; 
WRITELNC WAD A CONSTANT BW1=*,BW1,' BW2=',BW2,' B = ' , B ) ; 
WRITHLNC UTH22 = ' ,UTH22, ' UT2 = • ,UT2) ; 
' W I T H L N C STUT2 =• , STUT2, ' STUTHl = ' , STUTHl); 
WRITELNC S'IljTH22 = ' , STUTH22) ; 
MST: = (ST+S0) /2 ; 
mx = (NS+NT)/2; 
WRIT£LN( 
WRITELNC 
WRITELNC 
WRITELNC 
WRITELNl 
WRITELNC 
WRITELNC 
WRITELNC 
WRITELNC 
WRITELNC 
WRITELNC 
WRITELNC 
WRITELNC 
WRITELNC 
Al = ', Al, A2 = ', A2); 
VCl = 'jVCl, • VC2 = ', VC2, »V1 = ',V1,' V2=',V2); 
TR1=',TR1, TR2 = » , TR2, TCI = ', TCI,' TC2 = \TC2); 
PCI = ' , PCI', PC2 = ' , PC2, PC3 = ', PC3); 
THERMAL PRESSURE COEFFICIENT Yl = ',Y1,' Y2 = ',Y2', 
Y3 = •,Y3); 
VRO = ', VRO,' SI = ',S1', 32 = ',S2); 
Ql = ',01,' Q2 = ',02, VOR = ', VOR); 
TOR = ', TOR, ' TR = ', TR,' VRE = •,VRE); 
VE =•, VE, VEC = ', VEC,' VEE =', VEE); 
**•***•• X12 = • , X12) ; 
PC = ' , PC,' TC = ', TP U 
DGM = ',DGM,' LNMIX = ', LNMIX); 
SR = JSR, SC = ',SC,' ST = ',ST); 
SURFACE TENSION S0= ',50,' ST =',ST); 
WRITELN( 
WRITELN( 
VmiTELN( 
WRITELN( 
WRITELN( 
WRITELN( 
WRITELNC 
WRIT£LN( 
WRITELN( 
END; 
END. 
UT = SUT,' D = ',0,' Dl = 'jDl, D2 = ' ,D2); 
STVE = ', STYE,' STVEU = ^.STVEC,' STVEE = SSTVEE); 
Sr/RE=',STVRE,• STVRE2=',STVRE2); 
STST=',STST,' STSO=',STSO); 
VISCOSITY N1=',N1,' N2=',N2); 
NS=',NS,' NT=',NT)v 
STNS=',STNS/ STNT=',STNT); 
EXCESS VISCOSITY NE»',NE,' NE2=«,NE2,' NE3=»',NE3); 
APPENDIX-II 
APPENDIX 
Program to c a l c u l a t e f r ee energy 
r e a l t( 6) , x, a , b , e t a ( 6 ) , r( 6) , vm ( 6 ) , ml,m2 
r e a l g a s - c o n s t , h , n , z , d e l t a - g 
c h a r a c t e r f i l - i n * 1 3 , f i l - o u t * 1 3 
d a t a t / 2 9 8 . 1 5 , 3 0 3 . 1 5 , 3 0 8 . 1 5 , 3 1 3 , 1 5 , 3 1 8 . 1 5 , 3 2 3 . 1 5 / 
g a s - c o n s t = 8.314 
h = 6.626e - 34 
n = 6.022e + 23 
type 5 
format ( ' s p l , enter the data f i l e name') 
accept 10 , f i l - i n 
type 7 
format ("spl , enterthe r e su l t f i l e name ' ) 
accept 10, f i l -ou t 
format ( a) 
open(unit = 1, f i l e = f i l - i n , type = 'o ld ' read only) 
open(unit = 2, f i l e = f i l -out , type = 'new') 
read (1,12) ml,m2 
format (2f10.3) 
read (1,20, end = 100) x ,a ,b , (e ta ( i ) , i = 1,6) 
format (9f8.3) 
Contd , . , , 
doi = 1,6 
r(i) = a+b*t(i) 
vm( i) = (x*ral+(l-x)*ni2)/r(i) 
write (2,25)i,r(i),i,vra(i) 
format (ih , R (Ml',) = •Fi0.4,5x,'VM( • ,11,')=',F10.4) 
end do 
doi = 1,6 
vm(l) = vm( i)*1.0e-06 
z = gas - const* log(eta(i)*vm(i)) 
delta - g *: gas - const*t( i)*log( (eta( i)»vm( i))/( h*n)) 
write (2,30) delta-g, t( i) , z 
format ( I h , DELTA-G = • , F 1 0 . 4 , ' ON TEMP. • , F 8 . 2 , 
1 'AND VALUE OF Z = ' , F 1 0 . 4 ) 
end do 
goto 15 
con t i nue 
c lo se (1) 
c lo se (2) 
s top 
end 
APPENDIX-III 
APPENDIX 
PROGRA/v'i P5DR0 I I I 
MATRIX DIAGONALIZATION 
IMPLICIT REAL *8 ( A r F , 0 - Z ) 
RB^u LAMBDA 
DIMENSION ADQ ( 1 - ) ^ ( 3 0 , 3 0 ) ROOTS ( 2 0 , 1 0 0 ) , EMOD ( 2 0 , 1 0 0 ) 
WRITE ( * , * ) ' P L . ENTER NOJOBS IN 13 FORMAT 
READ ( * , 1 0 0 ) NOJOBS 
FOH/ZiAT ( 1 3 ) 
DO 99 JOB ::= 1 , NOJOBS 
WRITE ( * , * ) ' P L . ENTER B, GAM A^A, LA/JIBDA IN F 9 . 2 FORMAT' 
READ ( * , 101) B, GAMMA, LA/viBDA 
FORMAT (3F 9 . 2 ) 
F4 = B + 5 . • F 4 
V.RITE (•,*) 'PL, ENTER NODQ, ADQ( I) IN 13 AND F6.1 FORMAT' 
READ (•, 102) NODQ (ADQ(I), 1=1, NODQ) 
FORMAT (13/(F6.1)) 
WRITE ( • , 1 1 0 ) 8 , GAMMA, LAMBDA, F 2 , F 4 
FORMAT (26H1D) ( 2 - 8 ) CUBIC STRONG FIELD/3X, 5H B = F 9 . 3 , 3 X , 9 H 
GAMMA 
1 = F 9 . 3 , 3X, lOH LAMBDA = F 9 . 3 , 3 X / 6 H F2 = F 9 . 3 , 3 X , 6 H F4=F9 .3 ) 
FIRST MATRIX 
N\A.TRIX OF G/\MMA ONE 
DC 10 IDQ, NODQ 
DO = ADQ ( IDQ) 
H(l,l) = 8.»F2+51.*F4+12.*DQ 
H(l,2) = -2.0D0»DSQRT (3.ODO)•LAMBDA 
H(l,3) = O.ODO 
H(l,4) = DSQRT (6.0D0)*(2.*F2+25.*F4) 
H(2,4) = 4.*F2-69.*F4+2*DQ-LAMBUA 
H(2,3) = -6.*F2+X.*F4+2.*LAMBDA 
H(2,4) = -2.•DSQRT ( 2.ODO)•LAMBDA 
H(3,3) = -5.•F2-24.^F4-8.^DQ+2.•LAMBDA 
H ( 3 , 4 ) = 2.•DSQRT (2.ODO)•LAMBDA 
H ( 4 , 4 ) = 1 0 . ^ F 2 + 7 6 . ^ F 4 - 8 . ^ D Q 
WRITE (•-»103)DQ 
FORf'MT (13H1FIRST MATRIX, 6H DQ = F 8 . 1 ) 
CALL DANDW (H ,4 ) 
DO 8 J = 1 ,4 
ROOTS ( J , I D Q ) = H(J,J~) 
CONTINUE 
CONTINUE 
SECOND MATRIX 
h'ATRlX OF GMVAA TWO 
DO 20 I D Q , NODQ 
DQ = ADQ( IDQ) 
H ( l , l ) = -B.^F2-9.^F4+2.^DQ-LAi'v^BDA 
WRITE ( • , 1 0 4 ) D Q 
FOWMT (14H1SEC0ND MATRIX, 6H DQ = F 8 . 1 ) 
CALL DANDW ( H , l ) 
ROOTS ( 5 , I D Q ) = H ( l , l ) 
CONTINUH 
THIRD MATRIX 
MATKiX OF GMU.IA Tl-fREE 
DO 30 IDQ = 1,N0DQ 
DQ = ADQ"'(IDQ) 
= 21 .*F4+12 .*DQ 
= DSQRT (6.0D0)*LAMBDA 
= DSC^T (6.0D0)*LAMBDA 
= O.ODO 
= 2.*DSQRT ( 3 . 0 D 0 ) * ( F 2 - 5 . * F 4 ) 
= - 8 . 0 D 0 * F 2 - 9 .ODO*F4+2.0D0*DQ-K).5DO*LAMBDA 
= - 1 .5*DQ*LAMBDA 
= -3.•LAMBDA 
= O.ODO 
= 4 .0D0*F2-69.0D0*F4+2.0D0+DC 0.5D0*LAMBDA 
= -6.*F2+30.*F4-LAMBDA 
= -2,•DSQRT (2.ODO)•LAMBDA 
= -5 .^F2-24 .^F4-LAMBDA-8.^DQ 
= -DSQRT (2.ODO)•LAMBDA 
= F 2 + 1 6 . ^ F 4 - 8 . ^ D Q 
iNIUTE ( * , 1 0 5 ) D Q 
FORMAT (13H1THIRD MATRIX, 6H DQ = FS.l) 
CALL DAN^ .^V (H,5) 
DO 28 J = 1,5 
H ( l , 
H ( l , 
H ( l , 
H ( l , 
H ( l , 
H(2 , 
H(2, 
H(2 , 
H(2 
H( 3 
H(3 
H( 3 , 
H(4, 
H(4 
H(5 
l ) 
,2) 
3) 
r4) 
5) 
.2) 
3) 
4) 
,5) 
r3) 
,4) 
5) 
r4) 
r5) 
r5) 
ROOTS ( J + 5 , I D Q ) = H ( J , J ) 
CONTINUE 
CONTINUH 
FOURTH MATRIX 
NIATRIX OF GAMMA FOUR 
DO 40 IDQ = 1,N0DQ 
DQ = ADQ ( IDQ) 
= - 8 . 0 D 0 * F 2 - 9 .0D0*F4+2.0D0*DQ-HD .5DO*LAMBDA 
= 0,500*0SQRT (3.ODO)•LAMBDA 
= DSQRT (3.0D0)*LAMBDA 
=0.5D0»DSQRT (6.ODO)•LAMBDA 
= 4 . 0 D 0 ^ F 2 - 6 9 .ODO^F4+2.000*00-0 .5Dr^*LAMBDA 
= -6.*F2+30.*F4+LAMBDA 
= 0.5D0+DSQRT (2.000)*LAMBDA 
= -5 .^F2-24 .^F4-8 .^DQ+LAMB0A 
= DSQRT (2.000)•LAMBDA 
= 4 .*F2+F4+2.^DQ 
WRITE ( • , 1 0 6 ) D Q 
FORMAT (i4HlF0URTH MATRIX, 6H DQ = F 8 . 1 ) 
CALL DANDV/(H,4) 
DO 38 J = 1 , 4 
ROOTS ( J + 1 0 , IDQ) = H ( J , J ) 
CONTINUE 
CONTINUE 
FIFTH MATRIX 
H ( l , l ) 
H ( l , 2 ) 
H ( l , 3 ) 
H ( l , 4 ) 
H ( 2 , 2 ) 
H ( 2 , 3 ) 
H ( 2 , 4 ) 
H ( 3 , 3 ) 
H ( 3 , 4 ) 
H ( 4 , 4 ) 
MATRIX OF GA?/\MA FIVE 
DG 50 IDQ •= 1 , NODQ 
DQ = ADQ (IDQ) 
H ( l , 
H ( l , 
H ( l 
H ( l 
H ( l 
H ( l 
H(2, 
H(2 , 
H(2 
H(2 
HC2, 
H ( 3 , 
HC3, 
H ( 3 , 
H ( 3 , 
H(4 , 
H ( 4 , 
H ( 4 , 
H ( 5 , 
H ( 5 , 
H ( 6 , 
1) 
2) 
• 3 ) 
,4) 
r5) 
.6) 
,2) 
.3) 
,4) 
0^ 
6) 
• 3) 
4) 
5) 
6) 
4) 
^ ) 
6) 
5) 
6) 
6) 
= - 8 . * F 2 - 9 . * F 4 + 1 2 . * D Q 
= 2.*DSQRT (2.0D0)*LAMBDA 
= O.ODO 
= 2.*LAN\BDA 
= O.ODO 
= O.ODO 
= -8.OD0*F2-9.ODO*F4+2.OD0*DQ-O.5D0»LAMBI 
= 0.5D0*DSQRT (3.0D0)*LAMBDA 
= -0.5D0*DSQRT ( 2 .0D0)*LAMBDA 
= -DSQRT (3,0D0)*LAMBDA 
= DSQRT (6.0D0)*LMiBDA 
= 4.D0*F2-.69.D0*F4+2.0D0*DQ-KD.5D0*LAMBDA 
= -0.5D0*DSC^T (6.0D0)*LM\BDA 
= 6.»F2-30.*F4+LAMBDA 
= DSQRT (2.0D0)»LAf;iBDA 
= 21 .*F4+2 .*DQ 
= -DSQRT (6.0D0)*LAMBDA 
= 2.•DSQRT ( 3 . 0 D 0 ) * ( F 2 - 5 . » F 4 ) 
= -b .*F2-24.*F4-8 .*DQ-LAMBDA 
= DSQRT (2.0D0)*LAMBDA 
= F 2 + 1 6 . * F 4 - 8 . * D Q 
V.'IUTE (* .107^DO 
FORKAAT (13H1FIFTH fAATRiX, 6H DQ = F 8 . 1 ) 
C/vLL DANDW ( H , 6 ) 
DO 48 J = 1 ,6 
ROOTS ( J + 1 4 , IDQ) = H ( J , J ) 
CONTINUE 
CONTINUE 
LX) 60 IDQ = 1 , NODQ 
DQ = ADQ ( IDQ) 
EMIN = ROOTS ( 1 , I D Q ) 
DO 65 I = 2 , 2 0 
IF (B l IN -ROOTS ( I , IDQ) 6 5 , 6 5 , 6 4 
EMIN = ROOTS ( I , IDQ) 
CONTINUE 
DO 67 I = 1 , 20 
EMOD ( I , " ) Q ) = ROOTS ( I , IDQ)-EMIN 
WRITE ( * , 1 5 3 ) D Q 
FORMAT (20H1DIFFERENCE MATRICES, 6H DQ = F 8 . 1 ) 
WRITE (* ,154)EMIN 
F0RMAT(16H0(L0V/EST ROOT = E 2 0 . i l , IH) ) 
WRITE ( * , 2 C 3 ) 
FOWMT (17H0GAM^U ONE MATRIX) 
WRITE ( * , 151) (EMOD ( I , I D Q ) , I = 1 ,4) 
FORMAT ( £ 2 0 . 1 1 ) 
WRITE ( * , 2 0 4 ) 
FORMAT (17H0GA/vWA TWO MATRIX) 
WRITE ( • , 1 5 1 ) EMOD ( 5 , I D Q ) 
WRITE ( • , 2 0 5 ) 
FOmM (19H0GAMNAA THREE MATRIX) 
WRITE ( • , 1 5 l ) ( e . 1 0 D ( I , I D Q ) , I = 6 , 1 0 ) 
WRITE ( • , 2 0 6 ) 
FORMAT (18H0GANV.1A FOUR MATRIX) 
V ; R I T E ( ^ , 1 5 1 ) (EMOD ( l , I D Q ) , I = 1 1 , 14) 
VVRITE(*,207) 
FORMAT (18H0GAfv\MA FIVE MATRIX) 
WnITE(*,151)(EMOD ( I , I D Q ) , I = 1 5 , 2 0 ) 
CONTINUE 
CONTINUE 
STOP 
END 
SUBROUTINE DANDW (H,N) 
LvlPLICIT REAL^8(A-H,0-Z) 
Ul/^NSION H ( 3 0 , X ) , U ( X , 3 0 ) 
CALL HDIAG (H,N,0 ,U ,NR) 
VmiTE ( • , 2 0 3 ) 
FORMAT (23H0ROOTS AND COEFFICIENTS) 
DO 240 J = 1,N 
WRITE ( • , 2 0 4 ) J , H ( J , J ) 
FORMAT ( 1 X , I 3 , 8 H ROOT = F 2 0 . l l ) 
DO 240 I = 1 , N 
WRITE ( * , 2 0 5 ) I , J , U ( I , J ) 
FOFIMAT ( 1 X , I 3 , I 3 , 1 5 > H COEFFICIENT = E 2 0 . l l ) 
CONTINUE 
RETURN 
END 
SUBROUTINE HDIAG (H,N ,I£GEN ,U , N R ) 
m P L I C I T REAL*8 (A-H, 0 - Z ) 
DIAGONALIZES REAL SYMiMETRIC /vlATRIX BY JACOBI METHOD. 
CAIX i'JIAG (H,N, IBGEli, U, NR) 
H I S ARRAY TO BE QIGONALIZED. 
N LS ORDER OF MATRIX H, 
lEGEN SET TO ZERO IF EIGENVALUES AND EIGENVECTORS ARE 
TO BE COMP 
lUTED 
lEGEN SET UNEQUAL TO ZERO IF ONLY EIGENVALUES ARE DESIRED. 
U r s THE UNITARY MATRIX USED FOR FORMATION OF EIGENVECTORS. 
NR IS THE NUMBER OF ROTATIONS. 
DESERT A DmENSION STATEMENT IN MAIN PROGRAMO 
DU/iENSlON H ( 3 0 , 3 0 ) , U( 3 0 , 3 0 ) 
DL^AENSION X ( 3 0 ) , IQ( X ) , U( 3 0 , 3 0 ) , H( 3 0 , 3 0 ) 
SUBROUTINE OPERATES ONLY ON ELEMENTS OF H THAT ARE TO RIGHT OF 
DIAGONAL, SO ONLY TRIANGULAR SECTION NEED BE STORED IN ARRAY H, 
IF (lEGEN) 1 5 , 1 0 , 1 5 
DO 14 I = 1,N 
DO 14 J = 1,N 
IF ( I - J ) 1 2 . 1 1 , 1 2 
U ( I , J ) = l.ODO 
CO TO 14 
U ( I , J ) = O.ODO 
liR = 0 
IF (N-1) 1 0 0 0 , 1 0 0 0 , 17 
SCAN FOR LARGEST OFF-DIAGONAL ELEMENT IN EACH ROW. 
X( I ) CONTAINS LARGEST ELEMENT IN ITH ROW. 
I X ( I ) HOLDS SUBSCRIPT DEFINING POSITION OF ELEMENT 
NMli = N - 1 
DO 30 I = 1 , NMIl 
X( I ) = 0 .ODO 
I P L l = I + l 
D(3 30 J = IPL1,N 
IF ( X ( I ) - DABS ( H ( I , J ) ) ) 2 0 , 2 0 , 3 0 
X ( I ) = DABS ( H ( I , J ) ) 
IQ( I ) = J 
a^NTINUE 
DOUBLE PRECISION VERSION. 
Sf:T INDICATOR FOR SHUT-OFF. RAP = 2 * » - 2 7 , NR = NO .OF ROTATION. 
RAP = 5 . 9 6 0 4 6 4 D - 8 
HDTEST = 1.0D30 
FIND MAXIMUM OF X ( I ) FOR PIVOT ELEMENT AND TEST FOR ENF OF 
PROB 
ILEM 
DO 70 I = 1 , N?4I1 
IF ( 1 - 1 ) 6 0 , 6 0 , 4 5 
IF (XMAX - X ( I ) ) 6 0 , 7 0 , 7 0 
X>.*AX = X( I ) 
IP IV = I 
JPIV = I Q ( I ) 
CONTINUE 
IF MAX, X ( I ) EQUAL TO ZERO, IF LESS THAN HDTEST, REV AND SE 
HOTEST. 
IF (XMAX) 1 0 0 0 , 1 0 0 0 , 8 0 
IF( HDTEST) 9 0 , 9 0 , 8 5 
IF (X^MX - HDTEST) 9 0 , 9 0 , 1 4 8 
HDIMIN = DABS(H1,1)) 
DO 110 I = 2,N 
IF (HDLMIN - DABS ( H( I , I ) ) ) 1 1 0 , 1 1 0 , 100 
Wmil^ = DABS ( H ( I , I ) ) 
CONTINUE 
HDTEST = HDIMIN*RAP 
RETURN IF MAX. H ( I , J ) LESS THAN ( I**-27)ABSF(H(K,K) -MIN) 
IF (HDTEST - XN\AX) 1 4 8 , 1 0 0 0 , 1 0 0 0 
NR = NR + 1 
a^PUTH TAfJGHNT, SINE, AND COSINE, H ( I , I ) , H ( J , J ) 
TANG = DESIGN ( 2 . 0 D 0 , ( H( I P I V , I P I V ) - H ( J P I V , J P I V ) ) )*H( IPIV , JPIV) 
/(DABS ( H ( I P I V , I P I V ) - . H ( J P I V , J P I V ) ) + D S Q R T ( ( H ( I P I V , I P I V ) - H ( J P 
I V , J P I V ) ) * * 2 + 4 . 0 D 0 * H ( I P I V , J P I V ) * * 2 ) ) 
a)SINE = l .O/DSqRT ( l .ODO + T A N G * * 2 ) 
SINE = TANG»COSINE 
H I I = H( I P I V , IPIV) 
H ( I P I V , I P I V ) = C0SINE*»2*(HI I + TANG*( 2.»H( I P I V , JPIV)+TANG*H( J 
P I V , J P I V ) ) ) 
H ( J P I V , J P I V ) = C0SINE**2»(H( J P I V , J P I V ) - T A N G • ( 2 . • H ( I P I V , J P I V ) -
TA^^IG*HII)) 
H ( I P I V , J P I V ) = O.ODO 
PSEUDO RANK THE EIGENVALUES 
AD.JUST SINE AND COS FOR COMPUTATION OF H( IK) AND U( IK) 
IF ( H ( I P I V , I P I V ) - H(JPIV-JPIV) ' ) 1 5 2 , 1 5 3 , 1 5 3 
HTEMP = H( I P I V , IPIV) 
H ( I P I V , I P I V ) = H ( J P I V , J P I V ) 
H ( J P I V , J P I V ) = HTE^^ 
RECOMPUTE SINE AND COS 
HTEIAP = DESIGI>J ( l .ODO,-SINE)*C0SINE 
COSINE = DABS (SINE) 
SINE = HTEMP 
CONTINUE 
D4SPECT ; . ' £ IQS BETWEEN I + l AND N - 1 TO DETERMINE WHETHER 
A NEW MAXIMUM VALUE SHOULD BE COMPUTED, SINCE THE PRESENT 
fAAXIMJM I S IN THE I OR J ROW. 
DO 350 I = i , NMIl 
I F ( I = I P I V ) 2 1 0 , 3 5 0 , 2 0 0 
I F ( I - J P I V ) 2 1 0 , 3 5 0 , 2 1 0 
I F ( I Q ( I ) - IPIV) 2 3 0 , 2 4 0 , 2 3 0 
I F ( I Q ( I ) - IPIV) 3 5 0 , 2 4 0 , 3 5 0 
K = I Q ( I ) 
HTEMP = H ( I , K ) 
H ( I , K ) = O.ODO 
IPLl = I + l 
X( I ) = O.ODO 
SEARCH IN DEPLETED ROW NEW MAXIMUM 
JO 320 J = IPL1,N 
IF ( X ( I ) - DABS ( H ( I , J ) ) ) 3 0 0 , 3 0 0 , 3 2 0 
X( I ) = DABsS ( H ( I , J ) ) 
1Q{I) = J 
a)NTINUE 
H ( I , K ) = HTEMP 
CONTINUE 
X(IPIV) = O.ODO 
X(JPIV) = O.ODO 
CHANGE 0"DER OF ELEMENTS OF H 
DO 530 I = 1 , N 
IF ( I - I P I V ) 3 7 0 , 5 3 0 , 4 2 0 
HTEMP = H(X, IPIV) 
H ( I , I P I V ) = COSINE*HTEMP + S I N E * H ( I , J P I V ) 
IF ( X ( I ) - DABS ( H ( I , I P I V ) ) ) 3 8 0 , 3 9 0 , 3 9 0 
X ( I ) = DABS ( H ( I , I P I V ) ) 
I Q ( I ) = IP IV 
H ( I , J P I V ) = -SINE*HTHMP + C 0 S I N E * H ( I , J P I V ) 
I F ( X ( I ) - DABS ( H ( I , J P I V ) ) ) 4 0 0 , 5 3 0 , 5 3 0 
X ( I ) = DABS ( H ( I , J P I V ) ) 
I Q ( I ) = JPIV 
GO TO 530 
IF ( I - J P I V ) 4 3 0 , 5 3 0 , 4 8 0 
HTEMP = H ( I P I V , I ) 
H ( I P I V , I ) = COSINE*HTEMP + S INE»H( I , JP IV) 
IF ( X ( I P I V ) - DABS ( H ( I P I V , I ) ) ) 4 4 0 , 4 5 0 , 4 5 0 
X(IPIV) = DABS ( H ( I P I V , I ) ) 
IQ( IP IV) = I 
H d j J P I V ) = -SINE*HTEMP + COSINE*H( I , J P I V ) 
IF X( I ) - D A B S ( H ( I , J P I V ) ) ) 4 0 0 , 5 3 0 , 5 3 0 
HTEMP = n ( I P I V , I ) 
H ( I P I V , I ) = COSINE* HTEMP + SINE*H( J P I V , I ) 
IF (X(IPIV)-DABS ( H ( I P I V , I ) ) ) 4 9 0 , 5 0 0 , 5 0 0 
X(IPIV) = DABS (H( IP I V , I ) ) 
IQ( IP IV) = I 
H ( J P I V , I ) = -SINE*HTEMP + C0SINE*H(JPIV, I ) 
IF (X ( JP IV) - DABS ( H ( J P I V , I ) ) ) 5 1 0 , 5 3 0 , 5 3 0 
X(JPIV) = DABS (H( J P I V , I ) ) 
IQ(JPIV) = I 
TEST FOR C0^^UTATI0N OF EIGENVECTORS 
IF (lEGEN) 4 0 , 5 4 0 , 4 0 
m 550 I = 1 , N 
HTEMP = U ( I , I P I V ) 
U ( I , I P W ) = CO SINE* HTEMP + SINE*U( I , JPIV) 
U ( I , J P I V ) - -SINE*HTEMP + C0SINE*U( I , JP IV) 
GO TO 40 
RETURN 
END 
